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ABSTRACT
This research focuses on the structure and dynamics of a family of rigid polymers,
poly(para-phenyleneethynylene)s (PPEs) in solutions and thin films using small angle
neutron scattering, neutron spin echo, nuclear magnetic resonance, X-ray scattering,
atomic force microscopy and fluorescence spectroscopy. The effects of the solvent and
the side chain on the molecular conformation and the association of PPEs have been
investigated.
In dilute solutions, the phase diagram of dinonyl PPE in toluene and cyclohexane
exhibits three distinct phases. At higher temperatures, PPEs form molecular solutions
with extended conformations in toluene and worm-like chains in cyclohexane. With
decreasing temperatures, PPEs associate into flat aggregates, and then jam into fragile
gels. The aggregates in cyclohexane are more densely packed than in toluene. The
dynamic studies characterize the motion of all the components of the complex fluid in the
molecular solution, the micellar phase and the gel. While toluene is coupled to the PPE
molecule, cyclohexane is only slightly affected by the association. PPEs with bulky side
chains in toluene form a gel by interlocking to each other and form a stable network of
rigid rods.
In thin films, the morphology and structure are affected by the structure of the
original solutions, the solvent evaporation rates and polymer structure including polydispersed length and nature of the side chains. Cast from the molecular solution and the
gel at different temperatures, the thin films exhibit nanoaggregates and supramolecular
structures of nanoribbons. Below their overlap concentration, PPEs collapse in thin films.

ii

PPEs with bulky or long side chains show a steric hindrance in the packing in thin films.
The structure of PPEs in thin films is reflected in their fluorescence spectra. All the films
exhibit different degrees of red-shifting in fluorescence spectra.
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CHAPTER 1
INTRODUCTION

The purpose of this study is to understand the structure-property relationship of
rigid π-electron rich polymers in solutions and thin films. In this work those polymers
will often be referred as conjugated polymer though the conjugation length depends on
their specific conformations. The model system under consideration is a family of
disubstituted poly (para-phenyleneethynylenes) (PPEs), whose chemical structure is
shown in Figure 1.1. To reach our goal, understanding of the parameters determining the
structure and conformation and the association of PPEs with different distinct
characteristics is critical for further device applications. This chapter briefly introduces
some basic concepts of polymer physics relevant to this study and presents a review of
the rigid conjugated polymers, followed by the specific systems under consideration.

Figure 1.1. The chemical structure of disubstituted PPEs. R represents a substituent.
Specific side chains will be defined in the text.

1

Ideal Polymer Chains
A polymer is the molecule consisting of monomers, which are structural repeating
units connecting to each other by covalent bonds. Consider a flexible polymer of N+1
backbone atoms. The bond vector ri goes from atom i-1 to atom i. An ideal polymer
chain assumes no net interactions between atoms that are separated by a sufficient
number of bonds along the chain. Its end to end vector is the sum of all N bond vectors in
the chain:1

N

R N = ∑ ri

(1-1)

i =1

And the mean-square end to end distance is:

2

N

N

< R 2 >=< R N >= ∑∑ < ri ⋅ r j >
i =1 j =1

with ri ⋅ r j = l 2 cos θ ij . l is the length of bond vectors and θij the angle between bond
vectors ri and r j .

2

(1-2)

N

N

N

i

j

i

< R 2 >= l 2 ∑∑ < cos θ ij >= l 2 ∑ C i ' = C N Nl 2

N

with C i ' = ∑ < cos θ ij > and C N =
i =1

1
N

(1-3)

N

∑ C ' the Flory’s characteristic ratio, which is the
i

i =1

average value of the constant Ci’ over all main-chain bonds of the polymer.
For ideal polymers with excluded volumes between monomers separated by many
bonds, the characteristic ratios saturating at a finite value C∞. The mean square end to end
distance is:

< R 2 >≅ C ∞ Nl 2

(1-4)

Flexible polymers have the universal properties that are independent on their local
chemical structure. An ideal polymer chain with n segments can be regarded as an
equivalent freely jointed chain. The equivalent chain has the same < R2 > and same
maximum end to end distance Rmax (contour length of the chain) as the actual polymer
chain, but has M freely jointed effective bonds of length b, which is called Kuhn length.

< R 2 >= Nb 2 = bRmax = C ∞ Ml 2

3

(1-5)

The root-mean-square end-to-end distance is:
R0 = < R 2 > = bN 1 / 2

(1-6)

where the subscript 0 refers to the ideal state.
In a freely rotating chain model, which assumes all bond lengths and bond angles
are fixed and all torsion angles are equally likely and independent of each other.

N

N

N

N

< R 2 >= ∑∑ < ri ⋅ r j > = ∑∑ l 2 (cos θ ) | j −i|
i =1 j =1

(1-7)

i =1 j =1

Note that (cos θ ) | j −i| decays rapidly as the number of bonds between vector ri and r j is
increased.

 | j − i |
(cos θ ) | j −i| = exp[| j − i | ln(cos θ )] = exp −

s p 


(1-8)

The persistence length is defined as:

l p = s pl = −

l
ln(cosθ )

(1-9)

4

with s p = −

1
being the number of main-chain bonds in the shortest rigid segment
ln(cos θ )

and l is the bond length.
The worm-like chain model describes the rigid polymer chain with very small
values of the bond angle θ, therefore with a large persistence length. If the Rg,, the radius
of gyration, of a chain is much longer than lp, it assumes a flexible conformation. If the
Rg of a chain is shorter or equal to lp, it is a rigid rod.

j

ri − rj

cm

rj
rcm

ri − rcm

y
x
i

z

ri

Figure 1.2. One conformation of a polymer chain and its center of mass denoted by cm.

For a flexible polymer with N segments, the chain is treated as a random coil and
the size is commonly characterized by its radius of gyration (Rg), which varies according
to the quality of the solvent. The square radius of gyration is defined as the average
square distance between segmental positions and the center of mass of the chain:

5

2

Rg =

1
N

N

∑ (ri − rcm ) 2 =
i =1

1 N N
(r − r j ) 2
2 ∑∑ i
N i =1 j =1

where r j and ri are the position vectors and rcm =

1
N

N

∑r

j

(1-10)

is the position vector of the

j =1

centre of mass (cm) of the polymer.
For a flexible and semi-flexible polymers, where Rg << R0, the chains tend to
assume random configuration.
The mean square radius of gyration of an ideal linear chain is :

< Rg

2

b2 N < R2 >
>=
=
6
6

(1-11)

In the case of rigid objects, the square radii of gyration are listed in Table 1.1.1

Rigid Objects

Disk

Sphere

Rod

Cylinder

Rg2

R2/2

3R2/5

L2/12

(R2/2) + (L2/12)

Table 1.1 Square radii of gyration of rigid objects: uniform thin disc of radius R, uniform
sphere of radius R, thin rod of length L, and uniform rigid cylinder of radius R and length
L.1

6

Free Energy of Polymers
The overall structure of polymers is determined by a balance of entropic
contributions and enthalpic effects.2 The entropic effects expand the configuration of
chains while the enthalpic effects lead to either association or segregation. Consider the
mixing of two species A and B in a two dimensional Flory-Huggins lattice model. The
entropy of mixing per lattice site:

 φ

1−φ
∆S mix = − k B 
ln φ +
ln(1 − φ )
NB
NA


(1.12)

where φ and (1-φ) are the volume fraction of monomers of A and B, kB is the Boltzmann
constant, NA and NB are the numbers of lattice sites occupied by A and B molecules.
While the entropy of mixing always favors mixing, the energy of mixing can be either
negative (promoting mixing) or positive (opposing mixing), therefore a more significant
parameter. Using a mean-field approximation, the energy of mixing per monomer is:
∆U mix = χφ (1 − φ )k B T

(1.13)

where T is the temperature and χ is the Flory-Huggins interaction parameter, which
describes the energy of interaction per site of contacts between A and B:3,4:

χAB = z [εAB - (εAA + εBB) / 2 ] / kBT

7

(1.14)

where εAB represents the contact energy between monomers of A and B, z is the
coordination number in the lattice model.
The Helmholtz free energy of mixing is a contribution from both energetic and
entropic origins:
(1.15)

∆Fmix = ∆U mix − T∆S mix

The Flory-Huggins parameter is applied to polymer solutions by substituting one
of the polymers by solvent molecules.4 The nature of the polymer and quality of solvent
determine the conformations. Solvents are categorized as good solvents, theta solvents,
and poor solvents.5 If the attractive polymer-solvent interactions are greater than the
interactions between the polymers, the solvent is described as a good solvent. In a theta
solvent, the strength of polymer-polymer interactions and polymer-solvent interactions is
about the same. In a poor solvent, the attractive polymer-polymer interactions are larger
than the polymer-solvent interactions.
In a good solvent, the polymer chain assumes an extended configuration. As the
quality of solvent decreases, the chains collapse. Therefore the largest Rg is observed in
good solvents, and the poor solvents yield the smallest Rg for a chain with the same
molecular weight. According to the de Gennes scaling theory, Rg scales with the degree
of polymerization N as follows: 5

R g ~ Nv

(1-16)

8

where v is the scaling exponent. In a good solvent, v = 0.6; in a theta solvent, v= 0.5; and
in a poor solvent, v = 0.33. The concentration of polymers in solution is defined as dilute,
semi-dilute and concentrated. In dilute solutions, the polymer molecules do not interact.
As concentration is increased, particle overlap takes place. When molecules occupy all
the volume without penetrating into each other, the concentration is defined as C*. Above
C*, polymers entangle. For interacting polymers, aggregation will take place.

C < C*

C*

C > C*

Figure 1.3. Polymers at different concentrations.

Polymers at Interfaces
When a polymer is cast into a thin film, the molecules that come in contact with
both the solid substrate and the air are confined by these interfaces. The presence of an
interface strongly influences its structures. The confinement and presence of interfacial
energies lead to interfacial phenomena such as surface segregation,6,7 and surface induced
ordering8-10. The interactions of the different constituents of the polymer with the

9

surfaces also affect the segregation behaviors of polymers.6,7 Conversely, the existence of
interfaces reduces the number of possible polymer chain configurations. For block
polymers, the segregation at the interfaces is enhanced compared to their structures in
bulk.

8,11

Generally, segregation reduces the amount of unfavorable contacts to minimize

the interfacial energy at interfaces. Due to the slow motion of the polymer segments,
thermal treatment (annealing) helps to reach equilibrium and improve the segregation. An
understanding of surface behavior allows the possibility of tailoring properties of
polymers, such as the surface energy, absorption and adhesion. 12,13
The purpose of this study is to understand the molecular structure and association
of conjugated polymers in solutions and thin films and how those affect the properties of
those polymers. The following section of this dissertation introduces the π-electron rich
polymers and also provides a literature review of our specific system.

π-Electron Rich Polymers
This type of macromolecules is distinguished by alternating single and
double/triple bonds along the polymer backbone. When confined into one plane, the
overlap of orbital results in a delocalization of electrons (conjugation) along extended
segments of the backbone. As a result, these macromolecules are intrinsic
semiconductors and often emit light upon excitation. Therefore they have attracted wide
interests as potential candidates for organic semiconductors and active components in
organic light-emitting diodes (OLED)s,14,15 photovoltaic cells,16,17 transistors,18-20
detectors/sensors 21-23 and liquid crystal based devices.24,25

10

Figure 1.4. The chemical structure of polyacetylene

Shirakawa and coworkers identified conductivity in organic macromolecules as
early as 1977 when they discovered that oxidation with halogen vapor increased the
original conductivity of polyacetylene films by a factor 109,26 This lead to the realization
that conjugated polymers can achieve high electrical conductivity through doping,
inserting or withdrawing electrons into or from the backbone, through chemical oxidation
or reduction.
Since then, much research has been undertaken to synthesize new materials and to
understand the conductivity mechanism. Examples of such conjugated polymers include
polyaniline,27 poly (p-phenylenevinylene) (PPV),
polyphenylenes.

31-33

14,28

polydiacetylenes,

29,30

and

These polymers consist of alternating single and double bonds.

There is another group of polymers with alternating single and triple bonds that increases
the electron density along the polymer backbone. The triple bond of these polymers
offers a potential for higher conductivity and higher intensity of emission of light. PPEs
belong to this category, in which the extent of conjugation depends on the conformation
of the backbone. The backbone of PPEs consists of triple bonds and aromatic rings that
may rotate freely along the long axis of the molecule. When the backbone is confined, its
planar structure increases π-π coupling between polymeric molecules and affects the

11

conformation and association of PPEs. The position of substitution controls the overall
structure of the polymer.
The optical properties of conjugated polymers are correlated with their molecular
architecture and the interaction with other molecules. Swager et al. were able to control
the conformation of a single PPE and the inter-chain interactions by substituting the
backbone with surfactant side chains of differing natures. The degree of hydropobicity of
the side chain together with their interfacial interactions at the air-water interface, was
used to control the degree of conjugation. These interactions exhibit a direct
interrelationship of the intrinsic optical properties of a conjugated polymer, the
conformation of a single chain and the inter-polymer interactions.

34

Another study by

Swager et al. showed that the optical performance can be manipulated by controlling the
conformation and alignment of PPVs and PPEs containing rigid triptycene groups in
liquid crystalline solutions.35

Studies of PPEs
The diversity of the poly (phenyleneethynylene)s is largely due to the backbone
linkage, which includes para, meta and ortho linkage. Systems with para linkages
typically act as “rigid rods”, while the ortho and meta linkages offer multiple
conformations about the phenylene ethynylene unit.
The ortho-PPEs have been synthesized and the current study focused on
developing computational model to predict structures.36,37

12

Studies on meta-PPEs 38 such as poly (m-phenyleneethynylene) (mPE) oligomers,
have shown a reversible transition from a random to a helical conformation in response to
changes in solvophobic forces.

37,39-43

Depending on the oligomer length, mPEs either

form helical or tubular supramolecular coordination polymers with π-stacking
interactions.44
Para-PPEs tend to aggregate because of long persistence length and strong π-π
interaction of conjugated backbones. The aggregates tend to exhibit low emission
efficiencies in solid state.45 Different nanostructures have been observed for the solid
state PPEs.46-49 Rabe, et al. have shown that poly-dispersed PPEs at the interface between
the basal plane of graphite and an organic solution exhibit a two-dimensional molecular
order, while on mica they self-assemble into nanowires or nanoribbons.

46-48

PPEs could

be trapped into an disordered array due to fast evaporation rates of solvent and further
reorganize upon annealing.50 The nanoribbons from dialkyl PPEs, which reveal two
molecular layers with conjugated backbone parallel to the substrate and perpendicular to
the long axis of the ribbons, can be as long as micrometers.51 The introduction of bulky or
bridged side chains into PPEs prevents packing and interchain interactions.52 Polymeric
side chains also have been grafted to PPE system to prevent aggregation, thus increasing
the solid state quantum efficiency.53,54
The present study focuses on para PPEs. The side chains offer a means for
solubilizing the backbone as well as for affecting the electron density along the polymer
chain. The conformation of PPEs, including that of the backbone and of the side chains,

13

affects the conjugation length and therefore the electronic levels along the backbones.
This in turn controls their electro-optical response.
The pathway for synthesis of PPEs was previously established:55-57 The materials
in this study were made by Dr. Uwe H. F. Bunz’s group in Georgia Institute of
Technology and were used as obtained. Three different PPEs were studied, dinonyl
PPE,55 triisopropylsiloxyl (TIPS) PPE56 and polymer grafted PPE.57 General schematics
of the synthesis are given below:
(a) dinonyl PPE: 0.5 g of 2,5-dinonyl-1,4-dipropynylbenzene and a catalyst system
consisting of Mo(CO)6 (5 mol %)/substituted phenol (1 equiv of either p-chlorophenol or
p-trifluorocresol) are dissolved in 30 mL of o-dichlorobenzene and stirred at temperatures
between 120 °C and 170 °C overnight, removing butyne by a slow stream of nitrogen.
The formed fluorescent solution is cooled and any precipitated polymer is dissolved by
the addition of CH2Cl2. The organic layer is washed with 100 mL of H2O, followed by 10
% NaOH and 25 % HCl. Addition of methanol precipitates the dinonyl PPE, which is
filtered and vacuum-dried. Soluble. 1H NMR (CDCl3): δ 7.40 (s), 2.85 (bs), 2.12 (s,
propyne end groups), 1.74 (bs), 1.58-1.28 (bs), 0.91-0.88 (bs). 13C{1H} NMR (CDCl3): δ
141.8, 132.3, 122.7, 93.1, 34.3, 32.0, 30.9, 29.8, 29.5, 22.8, 14.2. Analog calculated for n
× (C20H28) + C4H6: C, 89.38; H, 10.62. Found: C, 86.95; H, 10.62.
(b) TIPS PPE: A Schlenk flask of known volume (37 mL) was charged with the
triisopropylsilylether of 2,5-diiodo-4-methylphenethyl alcohol (0.761 g, 1.39 mmol),
THF (1.5 mL), piperidine (1.5 mL), (PPh3)2PdCl2 (2.0 mg, 2.8 µmol, 0.2 mol%), and CuI
(1.0 mg, 5.3 µmol, 0.4 mol%). The flask was degassed by three freeze-pump-thaw cycles.
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The acetylene gas (34 mL, 1.4 mmol) was added through the purged sidearm by a
balloon. The reaction was allowed to stir at room temperature for 48 h during which time
the reaction mixture solidified. The reaction mixture was filtered over a small volume of
silica (~10 mL) on a fritted funnel with hexane as solvent. The hexane was evaporated,
the polymer re-dissolved and precipitated into methanol. A bright yellow polymer (0.414
g, 98%) was obtained. GPC (vs. polystyrene standards in chloroform): Mn = 37200,
Mw/Mn = 3.9. IR: 2941.2, 2891.1, 2864.1, 2194.8, 1504.4, 1461.9, 1360.9, 1103.2,
1070.4, 1012.6, 996.2, 918.1, 883.3, 742.5, 680.8, 569.6. 1H NMR (300 MHz, CDCl3):
7.45 (2H, term. Ph-H), 7.42-7.36(bm, 2H), 3.94 (bs, 2H), 3.07 (bs, 2H), 2.47 (bs, 3H).
13

C-NMR (400 MHz, CDCl3): δ = 138.39, 138.00, 133.69, 123.36 (broad—2 carbons),

93.58, 63.77, 37.99, 20.53, 18.24, 12.22.
(c) Polymer grafted PPE

Polymer 3: An oven-dried Schlenk flask cooled under nitrogen was charged with 1 (195
mg, 0.500 mmol), 2 (1.09 g, 2.00mmol), bisethylhexyl-diethynyl-benzene (0.875 g, 2.50
mmol), THF (5 mL), piperidine (1.50 mL), (PPh3)2PdCl2 (2 mg, 2.8 µmol) and CuI (1
mg, 5.3 µmol). The flask was degassed and filled with nitrogen. The reaction was
allowed to stir at room temperature for 24 h. The reaction mixture was filtered over silica
on a fritted funnel with hexane. After hexane evaporated, the crude product was dissolved
in chloroform (10 mL), and added into from methanol (300 mL) drop wisely. A bright
yellow solid, 3, (1.342 g, 85%) was obtained.
chloroform): Mn = 1.3 x 104, Mw/Mn = 3.1.

1

GPC (vs. polystyrene standards in

H NMR (CDCl3): δ = 7.46 (bs), 7.42-7.20

(bm), 4.00 (bt), 2.93-2.61 (bm), 2.53 (bs), 1.90-1.05 (m), 1.40-0.90 (bm), 0.85-0.75 (bd).
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13

C-NMR (CDCl3): δ = 141.29, 133.25, 123.07, 93.38, 62.83, 40.28, 38.58, 32.48, 28.80,

25.60, 23.10, 14.10, 10.83.

Polymer 4: 3 (0.600 g) was added to xylene (5 mL) in a pressure tube at 125 °C under
nitrogen flow. After 30 min, lactide (0.400 g, 2.78 mmol), tin(II)-2-ethylhexanoate (13
mg, 31 µmol) was added, and the pressure tube was sealed. The reaction was heated
while stirring to 125°C for 24 h. The reaction mixture was precipitated from acidified
methanol (100 mL). Polymer 4 was obtained as a green solid (0.853 g, 85%). GPC (vs.
polystyrene standards in chloroform): Mn = 2.6 x 104, Mw/Mn = 2.9. 1H NMR (CDCl3,
400 MHz): δ = 7.42-7.20 (bm), 5.35-4.90 (bm), 2.93-2.61 (bm), 1.90-1.05 (m), 1.60-1.40
(bm), 1.40-0.90 (bm), 0.85-0.75 (bd). 13C NMR (CDCl3, 400 MHz): δ = 169.48, 141.01,
133.82, 124.05, 93.40, 69.05, 40.28, 38.56, 32, 47, 28.80, 25, 60, 23.10, 20.47, 16.61,
14.10, 10.90.

Figure 1.5. A synthesis scheme of a polymer grafted PPE.
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A phase diagram for dinonyl PPE in dilute solutions of toluene derived by small
angle neutron scattering (SANS) is shown in Figure 1.3.58,59 The dialkyl PPEs in toluene
form molecular solutions, in which the macromolecules do not associate, with extended
backbones. As the concentration increases, these solutions self-assemble into large flat
structures at lower temperatures. When these structures become large enough, either by
increasing in concentration or decreasing in temperature, a gel phase is formed. This
aggregation is accompanied by a color change from colorless to yellow as the system
goes from molecular solution to gel. The change in color is a result of changes in the
electronic levels of the PPEs as aggregation takes place. We also showed that the
structure in solution affects the structure in the film.60
Molecular
solution

Micellar
solution

Fragile
gel

1/T (oC)-1
Figure 1.6. Schematic phase diagram of dialkyl PPE in toluene from molecular solution
to fragile gel as a function of temperature.

In this dissertation the word “micelle” is used in its traditional colloidal meaning
describing a well defined aggregate of n particle of PPE. This aggregate exhibit a critical
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micelle temperature (CMT), a well defined shape and has a distinct latent heat associated
with its dissociation at the CMT.
The dissertation is organized as follows. Chapter 2 introduces the major
techniques and the theories that underline the techniques used in the studies, including
atomic force microscopy, X-ray diffraction, small angle neutron scattering, neutron spin
echo and NMR techniques. Chapters 3-6 are focused on the structure and dynamics of
PPE with different side chains in different solvents. Chapter 7 describes the conformation
studies of PPE with different side chains in toluene. Chapter 8-10 details the effects of
solvent evaporation rates and PPE side chains on structure and morphology on the thin
films of PPEs. Chapter 11 summarizes the studies.
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CHAPTER 2
EXPERIMENTAL METHODS
This chapter presents a review of the basics of the major experimental methods
used in this study. Those methods include atomic force microscopy (AFM), X-ray
scattering, small angle neutron scattering (SANS), neutron spin echo (NSE) and nuclear
magnetic resonance (NMR).

Atomic Force Microscopy
Direct visualization of atoms and molecules became possible with the invention
of scanning tunneling microscopy (STM) in 1982 and atomic force microscopy (AFM) in
1986.1,2 Since then, STM and AFM have been successfully applied to study various
surfaces and materials at the sub micrometer level. In these techniques, as well as with
other related scanning probe microscopy (SPM) methods, a sharp probe is positioned in
the immediate vicinity of a sample, so that interactions between the closest atoms of the
probe and the sample are detected. In AFM measurements, attractive and repulsive tipsample forces are recorded. Spatial variations of these interactions that are detected when
the probe scans above the surface (or in contact with it), are presented in AFM images
and those images provide three-dimensional surface profiles with sub-Angstrom
accuracy.3-5
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Figure 2.1. Schematic representations of the main components of AFM6 Courtesy of
Veeco Instruments Inc.
One AFM setup is shown in Figure 2.1. In measurements, a probe consisting of a
cantilever and a sharp tip is positioned in the vicinity of a sample and a sample is held on
a substrate. During the experiment the probe scans over the sample. The tip-sample
interaction causes the cantilever to bend or deflect, allowing the imaging of the surface
structure. The tip-sample force (F) is described by Hooke’s law4

(2-1)

F=kx

Here, k is the spring constant and x is the distance deviated from an unperturbed position.
The forces associated with AFM measurements include interatomic force (van der Waals
force), ionic repulsion, magnetic and electrostatic forces, frictional forces, etc.5 The
bending of the microscopic cantilever is detected by focusing a laser beam on its backside
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and a position-sensing detector detects the reflected beam. Because the distance from
cantilever to detector is relatively long compared with the cantilever length, the optical
lever magnifies a small angular deflection of cantilever into a much larger lateral
displacement. Given the intrinsic sensitivity of the photodiode to submicrometer
displacements, it is easy to detect sub-Angstrom deflection of the tip. As the tip scans
across the sample, the detector signal is then used as a feedback control to adjust the tipsample distance, allowing the computer to generate a map of the surface topography.
There are two methods that are generally used in AFM. One is called contact
mode and the other one is tapping mode or intermittent-contact mode. The contact mode,
where the tip keeps physical contact with the sample during scanning, is more suitable for
studying hard materials. Non-contact AFM is also used but it is not as common. Contact
and non-contact modes are not used in this study and will not be introduced here.
Tapping mode is proven to be more useful for soft materials where minimum tip-sample
forces are required and therefore will be introduced.
In tapping mode, the cantilever vibrates near its resonance frequency above the
sample. Then the tip taps the sample surface. The change in amplitude is used for
feedback to track the surface topography. Tapping mode almost eliminates lateral forces
by reducing contact with the sample and therefore is gentler than contact mode when
applied to soft samples (such as most polymers). The short duration of the tip-sample
contact in tapping mode restricts development of viscoelastic deformation in polymer
materials, therefore the soft surface is less likely to be damaged. These two practical
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advantages of tapping mode greatly broaden the application of tapping mode in the range
of polymer samples.
In tapping mode, the phase signal is typically recorded simultaneously with the
height signal. The height image shows the topographic features, whereas the phase image
indicates the different components present in the sample. Phase is very sensitive to small
structural imperfections because the slope of the phase versus frequency curve is very
steep near resonance. The high sensitivity of phase contrast to material properties allows
compositional mapping of multicomponent polymer systems. It is still not fully
understood what causes phase contrast. Any interactions between probe and specimen,
which causes a loss of mechanical energy, increase the damping of the oscillating probe,
which in turn causes its phase to lag further behind the driver, leading to a lower phase.
Adhesion, visocoelasticity, capillary effects and friction are involved, leading to energy
dissipation.3-5
The tapping strength on samples is determined by the ratio rsp = Asp/A0 between
the free vibrating amplitude (A0) and the setpoint amplitude (Asp), which is set by the
operator during the measurement. The tapping strength is light when rsp is close to 1.
Decreasing rsp increases tapping strength. Varying the magnitude of Asp can reveal
structures buried underneath the surface.
The tips that are commonly used in AFM measurement are pyramidal and made
of Si3N4. The length of the tip is several microns and the diameter at the tip end is less
than 10 nm. The cantilever is about 100 to 200 µm long. The elastic spring constant of
the cantilever varies in the range of 0.01-50 N/m, providing tip-sample forces of about
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100 nN or less. The resonance frequencies of the cantilevers used in tapping mode range
from 300 to 400 kHz and the operating amplitude is around 10-100 nm under ambient
condition.

X-ray Scattering and Neutron Scattering
The scattering intensity:
2

I ( q ) ~ Nv 2 (∆ρ ) P ( q ) S ( q )

(2-2)

where N is the particle number, v is the volume of the particle, P(q) represents the form
factor of a simple object and S(q) is the interparticle structure factor where all correlation
are reflected. P(q) is described in the section of small angle neutron scattering and the
simplest S(q) is described by Bragg’s law.
The X-ray and neutron scattering have been used to determine the structure of
polymers.7-10 The major difference between the two techniques lies in the interaction
between probing radiation and the sample. X-rays are scattered by the electrons while
neutrons are scattered by atomic nuclei. Even with this difference, much of the theory of
neutron scattering parallels that for scattering of X-rays. The basic diffraction law follows
Bragg’s law:

nλ = 2d sinθ

(2-3)

where n is a diffraction order, λ is the wavelength of the incident wave, d is a distance
between the diffraction layers, and θ is a scattering angle. The schematic representation
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of the diffraction by atoms that lie in two parallel planes in a lattice is shown in Figure
2.2.

Incident wave (ki )

Scattered wave (kf)

d

θθ

Figure 2.2. Schematic of Bragg’s diffraction by two layers, e.g. in a crystalline sample.
The circles represent atoms.

The scattering intensity is proportional to the magnitude of the scattering contrast
in the samples. For X-rays, the scattering contrast arises from the variation in electron
density (ρe). For neutrons, the contrast comes from the scattering length density (b/V),
where b is the scattering length and V is the volume. The electron density and scattering
length density are calculated according to following equations:

ρe = N A ∑
i

ρi
Ai

(2-4)

Zi

and

ρ
b
= N A ∑ i bi
V
i Ai

(2-5)
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where NA is Avogadro’s number; ρi is the mass density; Zi is the atomic number; bi is
the scattering length of the atom, describing the scattering amplitude of neutrons by
nuclei, and Ai is the atomic weight.
In elastic scattering, neutrons do not exchange energy with the sample. Figure 2.3
shows the relationship between incident and scattered wave vectors. The incident wave
vector ki and scattered wave vector ks have the same magnitude of 2π/λ but with different
directions with a scattering angle 2θ between them. The momentum transfer q is defined
as:

q = ks - ki

(2-6)

q =| q | = |ks - ki | = 4π sinθ /λ

(2-7)

and its magnitude q is:

Referring to Figure 2.2, the distance between the diffraction layers d is related to the
momentum transfer q:

(2-8)

d / n = 2π / q
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q

ks

ki
O

r

2θ
M

Figure 2.3. The relation between incident wavevector Ki, scattered wavevector Ks and
momentum transfer q.

When studying polymeric materials, neutrons have a particular advantage over Xrays. Hydrogen and deuterium differ markedly in their neutron scattering lengths, the
value of the scattering length for a proton(1H) is –0.374 × 10-4 Å and for deuterium (2H)
is 0.667 × 10-4 Å.10 The use of neutron techniques for studying polymers relies on this
difference in order to highlight molecules or sections of molecules. Deuterium labeling
allows contrast that would not exist in X-ray studies.
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Small Angle Neutron Scattering
In the previous section, we have shown that the neutron scattering has special
advantage in probing polymer systems and introduced some basics in neutron scattering.
However, the dimension of interest for probing the structure of most polymers is in the
range of 1-100 nm. In order to explore structures at this dimension, small angle neutron
scattering (SANS) should be used. The following section introduces basic concepts in
SANS.
The scattering cross section σ is defined by the total number of neutrons scattered
per second divided by the intensity of the incident beam I0. If we collect the neutrons
scattered per second in a small solid angle dΩ, their number depends on their energy and
is defined as the partial differential cross section:10

I0

∂ 2σ S
dΩdE
∂Ω∂E

(2-9)

Integrating over all the energies gives the differential cross section δσ/δΩ, which is the
total number of neutrons scattered per second into dΩ.
Now let us take a more general case than Bragg’s diffraction and look at the
mathematical bridge between the positions of the scattering nuclei, the wave nature of the
neutron and the shape of scattering law S(q).
A wave traveling along the x-axis is described as:
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A (x,t) = A0 cos (ωt –2π x / λ )

(2-10)

where ω is the angular frequency and t is the time.
As shown in Figure 2.3, the wave scattered at M is written relative to that
scattered at O as:

A (x,t) = b cos (ωt –q·r)

(2-11)

= b exp(i (ωt –q·r) )
=b exp(i ωt ) exp(–iq·r)

(2-12)

where b is the scattering length, i = − 1 and r is the vector OM
The total amplitude for a system with many nuclei will be called A(q) and it is
given by :

N

A(q) = b∑ exp(−iq ⋅ ri )

(2-13)

i =1

The scattering intensity is given by:

I (q) =

N N
∂σ
= A(q ) A∗ (q ) = ∑∑ < bi b j exp(−iq ⋅ (ri − r j )) >
∂Ω
i =1 j =1

(2-14)

where A*(q) is the complex conjugate of A(q) and <…> denotes an ensemble average.
The above double sum is broken into two terms: one with i = j and the other one
with i ≠ j :
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I (q) = N < b 2 > + < b > 2

N

∑ < exp(−iq ⋅ (r

j

− rk )) >

(2-15)

j≠k
2

= N ∆b + < b > 2

N

∑ < exp(−iq ⋅ (r

j

− rk )) >

(2-16)

j ,k

2

where ∆b = b 2 − b

2

= b 2 inc .

The first term in equation 2-15 is the incoherent scattering from different isotopes
or different spin states of the neutron and does not depend on the scattering angle. In
experiments aimed at determining structure, the incoherent scattering consists of a
background. The second term in equation 2-15 is the coherent scattering and responsible
for the angular dependent of the scattered intensity.
Now take into account a system with only one type of molecules which can be
supposed to be small enough as scattering points. The scattering intensity is

I (q ) = b

2

N

∑ < exp(−iq ⋅ (r

j

− rk )) >

(2-17)

j ,k

Let us define a structure factor S(q), which predicts the probability of neutrons
being scattered as a function of q, as

S (q) =

I (q) N
= ∑ < exp(−iq ⋅ (r j − rk )) >
b2
j ,k
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(2-18)

This time, take into account the fact that each molecule is made of z segments
(monomer) and there are N molecules. With simplification,

S (q) = Nz2P(q) + N2 z2 Q(q)

(2-19)

with P(q), the form factor, depending on the size and shape of the macromolecule:

P(q) =

1
z2

z

∑ < exp(−iq ⋅ (r

j

− rk )) >

(2-20)

j ,k

Q(q) the interference between two different molecules.

Q(q) =

1
z2

z

∑ < exp(−iq ⋅ (r

j1

− rk 2 )) >

(2-21)

j1, k 2

In this study, we focus on dilute polymer system where particles, including
polymeric molecules, colloidal aggregates, etc. are immersed in a uniform matrix of
solvent. The particles in this type of system are so far away from each other that their
positions are uncorrelated. Therefore the SANS pattern is governed by the form factor.
The scattering form factors of many types of particles have been derived.7,9,10 The
shape dimensions and volume fraction of particles can be obtained by fitting SANS data
to theoretical scattering functions. Examples of the form factors are listed in Table
2.1:7,9,10
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Sphere with radius R

9
(sin(qR ) − qR cos(qR )) 2
(qR ) 6

Thin rod with length L and negligible
diameter

2 qL sin x
sin 2 (qL / 2)
dx
−
qL ∫0 x
(qL / 2) 2

Flat disc with radius R and negligible
thickness

P(q) =

2
q R2
2



1
1 − qR J 1 (2qR )



J1(x) , the first order Bessel function
Gaussian polymer chain with mean square
radius of gyration Rg

P(q) =

2
[ x − 1 + exp(− x)]
x2

x=qRg2

Table 2.1. Form factors of common shapes.

Some extremely anisometric particles, such as very long-stretched or very flat
particles, show some peculiar features in their diffraction patterns, which need special
consideration. For a thin rod of length L and of cross-section A perpendicular to its long
axis,9

I (q) = L

π
q

Lc (q )

(2-22)

 2 J (qR ) 
∆b
∆b

I c (q ) = ( ) 2 A∫ 2πrdrγ co (r ) J 0 (qr ) = ( ) A 2  1
V
V
 qR 
0
D
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2

(2-23)

where the Ic(q) is the intensity related to the circular cross-section, γco(r) is the correlation
function of the cross-section geometry, D is the diameter of the cross-section, J0(qr) and
J1(qr) are the zero and first order Bessel function, respectively.
For a flat particle, whether stiff or slightly bending, with a finite thickness T and
extremely large in two dimensions.

I (q) = A

2π
Lt (q )
q2

I t (q ) = (∆b) 2 T 2 (

(2-24)

sin(qT / 2) 2
) = (∆b) 2 T 2 exp(−q 2T 2 / 12)
qT / 2

(2-25)

where A is the area of the cross-section plane perpendicular to the thickness axis. Since
we take the Guinier approximation,7-10 the scattering function is limited to low q region
where q < 1/RT and RT = T / 12 .

Neutron Spin Echo
The neutron spin echo (NSE) technique, originally devised by Mezei in 1972,11
uses the precession of the neutron spin in a magnetic guide field as a counter to measure
very small changes in neutron velocity. To observe quasielastic scattering, the number of
precessions in each guide field (before and after scattering from samples) is set equal for
elastic events. However, the small changes in energy at the sample result in unequal
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numbers of precessions of neutrons in the two fields, therefore produce a reduction in the
polarization detected directly at the analyzer.
The net polarization <Pz> of neutron spins is given by:10

 N mλ  
x
∞
ω dω
< Pz >= ∫ F (λ )dλ ∫ S coh (q, ω ) cos  0
0
−∞
 hλ0  

(2-26)

with the coherent dynamic structure factor:

S coh (q, ω ) =

1
2πN

∫

+∞

−∞

N

e −iωt dt ∑ e

−iqr j ( 0 ) iqrk ( t )

e

(2-27)

j ,k

Where N is the number of atoms in the system and rj(0), rk(t) are position vectors of the
atoms j and k at time 0 and t, respectively, ω is the angular frequency, F(λ)dλ is the
wavelength spread, N0 is the number of precessions made by a neutron of the mean
wavelength λ0,. The expression N0mλ3/hλ0 has the dimensions of time and is designated

t(λ), so that <Pz> is the Fourier transform of Scoh(q,ω), i.e. the time correlation function
of Scoh(q,t). Therefore, Scoh(q,t) is observed directly in spin echo experiments.
For q < 1/Rg, where Rg is the radius of gyration of the polymer molecules (see
equation 1-11), overall center of mass diffusion is dominant. If this is Fickian diffusion,

37

the S(q,t) have simple dependence on q and the diffusion coefficient D, for both coherent
and incoherent scattering.12

S(q,t) = S(q,0) exp(-Γt) =S(q,0) exp(-q2Dt)

(2-28)

For large q, the internal motion of the molecule is observed as it constantly
changes its conformation. The continually changing conformation causes fluctuation in
the distances between points on the chain, and the entropy gain as the length of any
segment increases from its equilibrium value causes that segment to act as a spring under
tension.
The dynamics of polymer solution is governed by the hydrodynamic interaction
between moving segments mediated by the solvent.13 The interaction is long range and
couples the motions of the different segments strongly. The Zimm model takes into
account this interaction.14 Violette and de Gennes calculated the scattering law as:10,15,16

∞
S ( q, t )
= ∫ dye − y exp{−(ΓZ t ) 2 / 3 h( y (ΓZ t ) − 2 / 3 )}
S (q,0) 0

where h(u ) =

∫

∞

0

dx

cos( xu )
{1 − exp( 2 −1 / 2 x 3 / 2 )}
2
x

and ΓZ = (1/6π) kB T q3/η
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(2-29)

where kB , T and η are the Boltzmann constant, the absolute temperature and the solvent
viscosity, respectively.

Nuclear Magnetic Resonance
The NMR phenomenon is a consequence of the existence of nuclear spin. 17,18 The
description of NMR experiments is often done by combining the quantum behavior of
spin system with the classical description of a magnet placed in a magnetic field. Nuclei
with spin number I ≥ ½ exhibit magnetic moments. When a magnetic field is turned on, it
removes the degeneracy of nuclear spin energy levels. The degree of splitting of the
energy levels is characteristic of specific nuclei. The transition between those levels is
induced by an additional radio frequency (RF) pulse with a given frequency ω0, often
defined as the Larmor frequency, which matches this energy gaps. In a static magnetic
field, the energy levels lose their degeneracy and the magnetic moments align parallel
and anti parallel to the magnetic field, building an overall magnetization M. After the
spin system is perturbed by an RF pulse, the resonance of the spin system and the
relaxation of magnetization are measured. This experiment provides information about
the chemical nature of the system, inter- and intramolecular interactions as well as long
range correlation.
The spin Hamiltonian includes terms that describe the different magnetic
interactions within a spin system:
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H=HZ+HCS+HJJ+HDD+HQ

(2-30)

Here, HZ is Zeeman interaction, determining the Larmor frequency, or the basic
resonance frequency that is measured in a NMR experiment. HCS is chemical shift; the
quantity that reflects the screening of the static magnetic fields by the local chemical
environment; HJJ is spin-spin coupling through bonds; HDD is dipole-dipole coupling
through space; HQ is a quadrupolar interaction that occurs only for I ≥ 1.
In this study, the dipolar interactions will be used to investigate the conformation.
The dipolar interactions through space result in transfer of magnetization, which decays
with increasing distance. This transfer was discovered originally by Overhauser, and is
often referred to as Nuclear Overhauser Enhancement (NOE).19 The intensity of the NOE
is proportional to the product of the inverse sixth power of the inter-nuclear distance and
a correlation function, f(τc), which describes the modulation of the dipole-dipole coupling
by stochastic rate processes, with an effective correlation time τc or the inverse of the rate
of molecular tumbling.20

NOE ~ f(τc)/< r >6

(2-31)

The NOE phenomenon is the basis of several two dimensional NMR techniques
that provide spatial information such as three dimensional structures of biopolymers,
including proteins and nucleic acids, in solution at atomic resolution.21-24 In one-
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dimensional NMR NOE experiment selective excitation of specific resonance is required.
Large molecules exhibit a large number of overlapping signals making the selective
excitation impossible.
Two-dimensional (2-D) NMR enables the recording of specific interactions
between pairs of hydrogen atoms without selective excitation of individual resonances.
Nuclear Overhauser Enhancement Spectroscopy, or NOESY, is a 2-D transient NOE
(magnetization is transferred following a 180 degree flip) experiment. 19 It consists of the
following pulse sequence: 90ºx-t1-90ºx-tm-90ºx-FID(t2). The 90 degree is the flip angle of
the magnetization at the direction indicated by the subscript FID (free induction decay), is
the overall signal detected in the time domain. This signal is later transformed to
frequency domain by a Fourier transform with respect to t1 and t2. Here, t1 and t2 are
delay times and tm is the mixing time. A vector representation of the NOESY experiment
for a two-spin system is shown in Figure 2.4.
Following a 90 degree pulse along the x-axis, the magnetization is flipped to the
xy plane. Spins I and S, as indicated in Figure 2.4, precess with different frequencies in
the xy plane for the time t1. After t1, a second 90º pulse rotates the vectors into xz plane.
The z components of I and S magnetization after the second pulse are shown by blue
arrows. During a mixing time, tm , the z components of I and S exchange magnetization
by cross-relaxation. The last 90º pulse ensures only the z components of the vectors are
detected.
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Figure 2.4. The effect of the first two 90°x pulses of NOESY pulse sequence on
magnetization vectors.

The results of a schematic 1H NOESY experiment are shown in Figure 2.5. For
simplicity, a polymer chain with only four protons, as shown in left side in the figure,
was used as an example. The NOESY spectrum is shown on the right side. All the proton
resonance signals, corresponding to their chemical environment (chemical shift), show on
the diagonal. When two protons A and C are close to each other in space and are not
coupled via the bonds, two cross-peaks, symmetric with respect to diagonal, will be
detected. Each cross-peak in the spectrum represents a correlation between proton pairs
through space. Cross-peaks in a 2D NOESY spectrum rely on the cross-relaxation of
longitudinal magnetization during the mixing time
extracted from the intensity of the cross-peaks. 26,27
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. The internuclear distances are
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Figure 2.5. A schematic polymer chain with four protons and its corresponding 1H
NOESY spectrum.

Similar information is obtained from heteronuclear
spectroscopy (HOESY).
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Overhauser

effect

For J-coupled nuclei, Correlation Spectroscopy (COSY) is

used to correlate the chemical shifts of 1H nuclei. The COSY pulse sequence is usually

90º-t1-90º-FID(t2).
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CHAPTER 3
STRUCTURE AND DYNAMICS OF DINONYL PPE
IN SOLUTION AND GEL

Introduction
Polymers with conjugated backbones are intrinsic organic semiconductors. They
have attracted a wide interest as potential candidates for active components in organic
based electro-optical devices. They include organic light-emitting diodes (OLED)s,
photovoltaic cells,

2

transistors,

3

detectors/sensors

4

1

and liquid crystal based devices.5

Some are solid-state devices and others employ solutions and liquid crystalline materials
encapsulated in different polymers. Among the variety of factors that determine their
electro-optical responses is the conjugation length, or the length of the segment over
which the electrons are described as being localized in terms of bands. The conjugation
length is determined predominantly by the chemical structure and the conformation of the
macromolecules. In addition to the basic chemical structure, the dynamics of the system
and the association mode of the polymers affect their conformation.6-13
Conjugated polymers exhibit a longer persistence length with respect to that of
flexible macromolecules, resulting in a relatively stretched-out object. With increasing
concentrations and the development of interactions, some associate to form
supermolecular structures and others retain their single molecular distribution depending
on the substituents on the backbones.7,8 Moore and coworkers have shown that mphenyleneethynylene oligmers in solution form supramolecular helical structures.9-13
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Perahia et al. have shown that p-substitued PPEs form flat aggregates.7,8 Similar to
several colloidal systems,14-18 rod-like oligomers of dialkyl PPEs in toluene undergo a
jamming transition from the extended conformation at high temperature to flat aggregates
at low temperatures or high volume fractions and form gels, as shown in Figure 3.2.7
Here, the rigidity of macromolecules plays a critical role, an assertion supported by the
observation of some similar phenomena involving rigid biopolymers.19,20 Guenet and
coworkers have shown that some of the biopolymers, which also exhibit rigidity, tend to
form interesting structures and thermoreversible gel.19,20
The jammed systems are classified as “fragile matter”, and are characterized by a
solid-like rheological response.14,16,18 Unlike solids, however, the jammed phase can be
broken up by a slight change on the direction of stress.16 To form solid-like gel, a
network has to be set up to support the shear stress and constrain liquid16. Upon jamming,
a rapid drop in diffusivity, transient particle localization, and increasingly long structural
relaxation times are found.21 When considering physical gels, bonding between chains
occurs through van der Waals interaction and these gels are thermoreversible.20 The
thermoreversibility of gel has been found in solutions of some polymeric micelles and
star polymers,17,18,21,22 and a series of models has been proposed to understand the
phenomena.15,16,21 In order to understand this it is important to study the dynamics.
The dynamics of polymers both in solutions and in melts has been studied by
neutron spin echo (NSE).

23-27

NSE spectroscopy provides a time resolution in the range

from 0.01 to 100 ns, enabling access to molecular motion on a mesoscopic time scale.28
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At this scale the molecular motion of polymers that underlie their macroscopic
viscoelastic behavior takes place. It has proven successful in studies of dynamics of rigid
polymers in dilute solution.23 Alkyl-substituted polynorbornenes in tetrahydrofuran for
example, exhibit large rotation barriers hindering conformational changes on rigid
polymer chains. The NSE profiles display the signature of a dynamical stiffness due to
the “frozen” coil conformation and the chains exhibit a dynamical stiffness that leads to a
significantly retarded relaxation as compared to what is described by the Zimm model.23
This model describes the diffusion of a macromolecule in a solvent, taking into account
the hydrodynamic interactions between polymer and solvent molecules. NSE has also
been used to study the dynamics of polymers in gel.

24,25

Different scattering functions

have been observed depending on the specific structure of the gels. The fluctuations in
polyvinyl alcohol (PVA) gels with cross-linking by crystallites or chemical bonds consist
of static and dynamic parts. However, a weakly cross-linked PVA gel includes only the
dynamic fluctuations.
In this chapter, we report the studies on structure and dynamics of solution and
gel of a rigid polymer, dinonyl PPE (Figure 3.1), in toluene using neutron spin echo
(NSE) and small angle neutron scattering (SANS) techniques.
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Figure 3.1. The chemical structure of PPE. R represents an alkyl chain. In this study, R
is a linear nine hydrocarbon chain.

Experimental Section
Samples
Poly(para phenyleneethynylene)s (PPEs) with nonyl side chains were synthesized
by alkyne metathesis.29 Details are given in Chapter 1. The number of repeat unit of
dinonyl PPE has been determined by gel permeation chromatography (GPC) of the
hydrogenated analog as 140 and Mw/Mn=3.1.29 A 1.0 wt% solution of dinonyl PPE in d8
toluene (Cambridge Isotope Laboratory) was prepared for the measurements of neutron
spin echo (NSE) and small angle neutron scattering (SANS).

Neutron Scattering
NSE and SANS experiments were carried out at NIST (National Institute of
Standards and Technology). NSE experiments were performed on the NSE-NG5
spectrometer using an incoming neutron wavelength of λ = 6 Å and 8 Å (∆λ/λ = 10%).
NSE measures the intermediate scattering function S(q,t), which is displayed in
normalized form S(q,t)/(S(q,0). The wave vector settings were 0.045, 0.085 and 0.15 Å-1
and the Fourier time ranges were 0.045 ns< t < 17 ns for 0.15 Å-1 and 0.1 ns < t < 40 ns
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for 0.085 and 0.045 Å-1, respectively. The temperature was controlled using a water bath
to ± 0.5 °C. S(q,t) was measured separately for the solvent and data were normalized
accordingly.
SANS experiments were carried out on NG3 at NIST with λ = 6 Å. Data were
collected on a two dimensional detector and then integrated into one-dimensional
patterns. Raw patterns were isotropic as shown in the insert of Figure 3.2. The detector
was shifted to capture maximal detectable q range. At a single temperature, data were
collected at two q ranges, where the detector was placed at 1.5 and 13.1 m from the
samples. The two q range data were combined. The scattering of the solvent was
measured separately and subtracted from the data. Details regarding the reduction process
are given by NIST.30 Samples were encapsulated in a 2 mm thick, 1 cm diameter, quartz
cells. The temperature was controlled to ± 0.5 °C using a water bath.

Results and Discussion
Chain Conformation
The scattering intensity I(q) has been measured with SANS. The phase diagram of
shorter dinonyl PPE in toluene in dilute solution has been previously established.7 At a
high temperature, the PPE backbone was fully extended. As the temperature is decreased,
association takes place and eventually the micelles jam into each other to form a fragile
gel. While longer PPEs exhibit similar qualitative features, SANS studies were carried
out to obtain detailed effects due to increased molecular weight.
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The SANS data of dinonyl PPE(140) in toluene were collected over a broad
temperature range that encompasses all phases. Figure 3.2 introduces three representative
patterns: that of the gel phase (9 °C), the micellar solution (25 °C) and the molecular
solution (40 °C). Note that within the gel phase the patterns are rather similar to each
other and so are the SANS profiles in the molecular solution. The pattern of a single
molecule develops into that of an aggregate over a broad temperature range. The patterns
are qualitatively similar to these of shorter PPE chains.7 All scattering profiles exhibit
isotropic distribution of particles, as shown in the insert of Figure 3.2.
In molecular solutions the slope of the intermediate scattering function is -1
(Figure 3.2, 40 °C), corresponding to cylindrical symmetry. However a fitting to a rigid
cylinder similar to that of the shorter PPEs can not fit the entire q range and yields a
length scale which is 1/5 of the fully extended polymers. In the absence of strong
electrostatic interactions, even highly conjugated polymeric molecules are known to bend
in solution.31 The smallest rigid segment for this polymer is 7-8 repeating units,32
therefore with increasing molecular weight the chain assumes semi-flexible nature. The
patterns were therefore analyzed with the form factor of a worm-like chain (WC).
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Figure 3.2. SANS profiles of a 1 wt% dinonyl PPE in toluene at three representative
temperatures. The symbols correspond to experimental data and the dashed line to a
wormlike chain described in the text. The solid line corresponds to the marked slope. The
raw data is shown in the insert.

The data from the molecular solution were fit to a wormlike chain, being longer
than the previous studied PPEs.7,8 The chains appear to be more flexible than the shorter
PPEs. A wormlike chain was described in terms of smaller rigid segment interconnected.
The overall scattering function is given by: 30,33,34

< I WC (q, L, b, R ) > SZ = cM∆ρ 2 < SWC (q, L, b) > SZ PCS (q, R ) + BKGD
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(3-1)

where c is the concentration, ∆ρ2 is the scattering length density contrast, M is the
average molecular weight, b is the Kuhn length, BKGD denotes the residual scattering
from the incoherent background and SWC(q,L,b) is the scattering function of a wormlike
chain33 incorporated with PCS(q,R), which is the scattering function of a rigid rod and R is
the radius of the rod. The polydispersity of the polymer is incorporated in terms of the
Schulz-Zimm distribution.34,35 The rigid segment was approximated to be 230 Å in length
(obtained from a fitting to a monodispersed wormlike chain). Assuming all molecules are
free in solution, the polydispersity in molecular weights Mw/Mn = 3.1 is translated to a
factor that enters the Schulz-Zimm distribution:

1 Mw
=
−1
z Mn

(3-2)

with a first order approximation that the length and molecular weight are linearly related.
Both the micellar solution and gel phase consist of the same building blocks, thin
flat aggregates, resulting in similar patterns that vary slightly with intensities and their
slopes. The form factor for thin flat particles was used to fit scattering data.7 The fittings
result in a thickness of 89.6 ± 1.5 Å for aggregates in the gel at 9 °C and 89.5 ± 1.7 Å for
aggregates in the micelle at 25 °C. The similarities in dimension support the assertion that
the gel and micellar phases consist of the same aggregate structures. However, the
deceasing of the scattering intensity is a result of decrease in the total volume of
scattering objects so that the “jammed phase” is unjammed.
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NSE Studies
The dynamic processes of the PPE molecules were measured as a function of
temperature, , in the molecular solution (40 °C), in the micellar solution (25 °C) and in
the fragile gel phase (9 °C). Figure 3.3 introduce representative NSE profiles of dinonyl
PPE(140). The q range in this experiment corresponds to a dimension range from 36 Å
to 300 Å. Therefore the NSE experiment observes the center of mass diffusion together
with internal motions of polymer chains.
At 40 °C, in the molecular solution, S(q,t)/S(q,0) decays with a single exponential
except at low q range. At low q, for example q = 0.021 Å-1, the echo did not fully decay.
The decay consists of two regions, a fast decay at short Fourier time and a slower one at
higher Fourier time. The data at low q were fit to S(q,t)/S(q,0) = A1 exp[ -Γ1t ] + A2 exp[
-Γ2t ] , obtaining two decay rates Γ1 =1.135 ns-1 and Γ1 =0.014 ns-1 for q = 0.021Å-1. The
slow decay rate corresponds to the center of mass diffusion whereas we assign the faster
process to an intramolecular buckling motion. This is consistent with the wormlike
conformation in molecular solutions detected by SANS. (The center of mass diffusion is
dominating at low q.) The fitting to a single exponential gives decay rates similar to the
slower components obtained from double exponential analysis. The decay rates from a
single exponential fitting are given in Figure 3.4(a) as well as those slow ones at
representative qs.
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Figure 3.3. Representative S(q,t)/S(q,0) as a function of time for a 1 wt. % dinonyl
PPE(140) solution in d-toluene at: (a) 40 °C, (b) 25 °C, (c) 9 °C. The symbols represent
the experimental data and the lines correspond to fittings to exponential functions as
further discussed in the text. The q values (in Å-1) are: 0.021( □ ), 0.043( ■ ), 0.064( ∆ ),
0.083( ▲ ), 0.15( ○ ), 0.17(● ).

At 25 °C in micellar solution, S(q,t)/S(q,0) follows exponential decays as well, as
shown in Figure 3.3(b), and the decay rates are plotted in Figure 3.4(a). The decay rates
in the micellar solution are a bit smaller than those in the molecular solution, suggesting
decreased mobility. At 40 °C, the contributions are from isolated molecules in solution.
At 25 °C, S(q,t)/S(q,0) is a convolution of molecular motions and aggregate dynamics.
The effective diffusion coefficients Deff(q) = Γ/q2 were calculated and plotted as a
function of q, as shown in Figure 3.4(b). Consistent with Figure 3.4(a), the Deff(q)s
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exhibit two regions as well. At low q, the Deff(q)s at 40 °C are slightly larger than those at
25 °C. Both the center of mass diffusion and backbone motion contribute to the
cooperative dynamics. At high q range, the Deff(q)s at both 25 °C and 40 °C are on the
same level.
At 9 °C, in gel phase, S(q,t)/S(q,0) at low q does not decay within the time frame
of our measurements. The system is frozen on this time scale. This is consistent with the
jamming transition previously observed.7,8 At higher q’s, zooming into smaller
dimensions, S(q,t)/S(q,0) is fit to a double exponential function. Two components, fast
and slow, are required to describe the decay at high q. The slow components extracted
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Figure 3.4. (a) The decay rate Γ as a function of q2 at 40 °C, 25 °C and 9 °C. The open
symbols represent the slow decay rates from a double exponential fitting. (b) The
effective diffusion coefficients as a function of q, at 40 °C, in molecular solution, at 25
°C, in micellar solution and at 9 °C, in the gel phase, (c) The diffusion coefficients
calculated from the fittings to Zimm model. The dashed lines in (a) and solid lines in (b)
are the guides. In (b), at 9 °C, the data was separated into fast decay (open squares) and
slow decay (solid squares).
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from a double exponential fit are given in Figure 3.4(a). The Deff(q)s calculated for the
fast decays, however, are on the same scale as of those at higher temperatures, as shown
in Figure 3.4(b). The chain segment motion of backbone buckling is dominating here and
is hardly affected by the phase transition. The side chains move in a cooperative manner
forming a wave-like motion in the entire molecule.
The experimental methods describing the dynamics of the PPEs exclude the
effects of the solvent. NMR data, however, have shown that toluene molecules are highly
coupled to the PPEs.7 The solvent dynamics and phase transition are reflected in the spin
lattice relaxation times of the toluene. Therefore it is essential to incorporate
hydrodynamic effect. The simplest model that incorporates hydrodynamics is the Zimm
model developed for flexible and semi-flexible chains.

Comparison to Zimm Model
The Zimm model describes a flexible or semi-flexible polymer as a chain of
Gaussian blobs exposed to the hydrodynamic drag (Figure 3.5(a)). This model is
borrowed herein assuming confinement of the blobs to one dimension to approximate a
rigid object, as shown in Figure 3.5(b).
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(a)

Hydrodynamic drag

(b)

Figure 3.5. (a) A schematic Zimm model for a flexible polymer chain as connected blobs
with hydrodynamic drags on them, (b) the schematic model for a rigid polymer chain.

The dynamic structure factor as given by Zimm at intermediate q values is :28,36,37
∞
S ( q, t )
= ∫ dye − y exp{−(ΓZ t ) 2 / 3 h( y (ΓZ t ) −2 / 3 )}
S (q,0) 0

where h(u) and u are: h(u ) =

2

π∫

∞

0

dx

(3-3)

cos( xu )
{1 − exp( 2 −1 / 2 x 3 / 2 )} , u = y (ΓZ t ) −2 / 3 .
2
x

y is the propagator along the chain, x is the normal mode index37 and the effective Zimm
decay rate ΓZ = (1/6π) kB T q3/η, with kB , T and η being the Boltzmann constant, the
absolute temperature and the solvent viscosity, respectively.
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Figure 3.6. Zimm plots for a 1 wt% dinonyl PPE solution in toluene at (a) 40 °C, in
molecular solution, (b) 25 °C, in micellar solution and (c) 9 °C, in the gel phase. The
solid lines correspond to Zimm curves. Here at low q, the data is truncated due to time
limit. The solid line in (c) is the Zimm curves at q = 0.15Å-1 and the dashed lines are the
guides.

The intermediate scattering function is plotted against (q3t)2/3 at different
temperatures in Figure 3.6. In molecular solution and micellar solution (40 °C and 25
°C), the profiles are well described by Zimm model. This is consistent with the highly
cooperative dynamics of the polymer/aggregate and the solvent. In gel, the data diverge
from the Zimm model and an example is given in Figure 3.6(c).
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The diffusion coefficients DZimm (q) =(1/6π) kB T/(ηξ) at representative q values
were further calculated from the Zimm model fitting, as shown in Figure 3.4(c). Here, ξ
is the mesh size and is replaced by 1/q. The calculated DZimm is on the same order of
magnitude as Deff.
In the dilute solution rigid rod-like polymers, the rotational diffusion is usually
much faster than the translational diffusion and is out of the detection range of NSE. For
translational diffusion, the self diffusion constant of center of mass is: 38
DG = (D║ + 2D⊥)/3

(3-4)

Here, the constant D║ and D⊥ is the diffusion parallel and perpendicular to the rod axis.
In our system, the PPE has a repeating unit of 140. For a long rigid rod, D║ >>D⊥ ,
therefore the diffusion parallel to the axis is dominating and is approximately:
D║ ~ 3 DG

(3-5)

At low q, DG ~ Deff, therefore D║ ~ 3 Deff > Dzimm. Obviously, the hydrodynamic drag
slows down the motion of the chain.
The solvent viscosity is further calculated from Zimm fittings. At 40 °C, the
fittings give the solvent viscosity at different q ranges to a ratio of 1: 1.5: 2.8 (q = 0.043
Å-1 : q = 0.083 Å-1 : q = 0.15 Å-1). It is the nonyl side chains that form small network at a
dimension close to the length of side chain. Solvent molecules are locally constrained in
this region and the viscosity therefore increases with increasing q. At 25 °C, a reduced
difference among solvent viscosities at three q values (1: 1.4: 1.9) is observed. With the
formation of aggregates, the viscosity of the whole system increases, leading to a smaller
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difference in viscosity. At 9 °C, the whole system is jammed and a significant increase in
viscosity is expected.

Summary

The structural studies have shown that the PPE with 140 repeating units in toluene
assumes a worm-like conformation and form a molecular solution at the higher
temperature. As the temperature decreases, it associates to form thin flat aggregates that
jam into each other to form a fragile gel.
In molecular solution and in micellar solution S(q,t)/S(q,0) follows a simple
exponential law, while in gel phase, a fast and slow dynamics were observed.
Several characteristic dynamic processes, including center of mass diffusion and
the internal motion of the PPE backbone as well as the aggregates have been observed
from the NSE studies. The center of mass diffusion is significantly affected by the
gellation transition. In molecular solution and in micellar solution, the separated
macromolecules and the aggregates freely diffuse until they reach a critical size in which
they jam into each other to form a gel.
The PPE backbone undulates in and out of the plane. This buckling motion is
retained in all phases and is hardly affected by the phase transition since the toluene
solvent is incorporated into the constrained modes.
A cooperative dynamics between the solvent and PPE molecules has been
observed in all phases.
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CHAPTER 4
STRUCTUR AND DYNAMICS OF PPE: EFFECTS OF SOLVENT

Introduction

The structure and dynamics of polymers in solutions are strongly affected by their
interactions with the solvent. For flexible and semiflexible polymers, where the
persistence length is much smaller than the overall polymer length, the solvent quality
determines the chain configurations. The solvent affects the apparent persistence length.
Isotactic polystyrene in cis-decalin, for example, exhibits an enhanced chain persistence
length of 40 Å, whereas the persistence length of polystyrene in the melt is ~ 9 Å,1
wherein a helical structure is induced by the solvent.2-4 The solvent molecules enter into
the cavities between the benzene rings and form physical bridges between different
polymer chains. Solvents of similar quality may differ in their effects on the polymer
association due to the size of the solvent molecules.
Poly(hexyl isocyanate) (PHIC), a stiff polymer, has been studied to reveal the
effects of solvent structure on polymer-solvent complex formation.5 The better affinity of
PHIC towards heptane than octane determines the structure of the complex. The Flory
interaction parameter χ, which characterizes the difference of interaction energies in the
mixture, determines aggregation behaviors.
Rigid polymers in solution tend to associate into aggregates and to form complex
fluids with different characteristics, depending on solvent quality. Conjugated polymers
are potential candidates for optoelectronic devices due to their π electron system.6-10 The
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conformation and the association mode of macromolecules determine their photophysical
properties. Conjugated polymers are usually rigid due to the overlap of π orbitals on
backbones and exhibit low solubility. The addition of side chains improves their
solubility in organic solvents and increase the processability.11,12 The attractive π-π
interaction between backbones contributes to the intermolecular interactions. Therefore
this type of polymer has a distinct propensity to develop supramolecular structures, such
as aggregates involving one or several molecules.13-15 Different conformations and
association modes of conjugated polymers have been observed in solution.16-21

Figure 4.1. The chemical structure of PPE. R represents an alkyl chain. In this study, R
is a linear nine hydrocarbon chain.

This

study

focuses

on

the

rigid

oligomer

of

poly(p-2,5-dinonyl

phenyleneethynylene) (dinonyl PPE, Figure 4.1) as a model system. A phase diagram
has been derived for dinonyl PPEs in toluene from small angle neutron scattering (SANS)
and nuclear magnetic resonance (NMR) spectroscopy studies (Figure 4.2). The
macromolecules exist as free extended molecules at high temperature. They associate into
flat aggregates and form micellar solution upon decreasing temperature. Further

69

decreasing the temperature leads to increased number of aggregates jamming into a gel
phase.16,17

Decreasing Temperature

Fragile Gel
Sinfle

Aggregates

Free Molecules

Figure 4.2. A schematic representation of the different assembling modes of PPE in
toluene.

Neutron Spin Echo (NSE) and NMR measurements of PPE in toluene revealed
that in the micellar phase and the gel the solvent has been highly confined to the dinonyl
PPE molecule.22,23 The similarity in the chemical structure of the solvent and the
backbone of the polymer drive further association of the solvent via π−π stacking. As
aggregation takes place, a significant amount of solvent is trapped within the aggregates
affecting the motion of the PPE molecule on the length scale of the side chain and the
rigid segment. The gellation process is accompanied by a constrained motion on the
length scale of the aggregates. The dynamic processes measured in toluene are those of a
strongly coupled polymer-solvent complex fluid.
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In this contribution, the association of dinonyl PPE in dilute solutions of
cyclohexane were studied and compared to those in toluene. The nature of the solvent
changes the solvent-polymer interactions and affect the conformation and association
behavior of interested macromolecules. With the similar planar structure to backbones of
PPE, aromatic solvents, such as toluene, are known to significantly reduce π-π stacking
interactions24,25. On the other hand, solvent compatible with the side chains also changes
the polymer-solvent interactions and affect the structure of aggregates and the molecular
conformation. Cyclohexane was selected in this study to compromise the compatibility to
alkyl side chains and the similarity to circular structures of toluene.
The structure of PPE in dilute solutions of cyclohexane is addressed in the present
study by SANS. The dynamic processes of PPE as well as the solvent in different
association modes are investigated by NSE and NMR measurements.

Experimental Section

The dinonyl PPE was synthesized by alkyne metathesis.26 In a typical reaction,
~0.5 g of precursor, 2,5-dinonyl-1,4-dipropynylbenzene and the catalyst system
consisting of Mo(CO)6 (5 mol %)/substituted phenol (1 equiv of either p-chlorophenol or
p-trifluorocresol) are dissolved in 30 mL of o-dichlorobenzene and stirred at temperatures

between 120 and 170 °C overnight, removing butyne by a slow stream of nitrogen. The
formed fluorescent solution is cooled and any precipitated polymer dissolved by the
addition of CH2Cl2. The organic layer is washed with 100 mL of each H2O, 10 % NaOH,
and 25 % HCl. Addition of methanol precipitates yellow dinonyl PPE, which is filtered

71

and vacuum-dried. The degree of polymerization (Pn) has been determined to be 90 by
gel permeation chromatography (GPC), using a saturated analog of the conjugated
molecule with polydispersity index Mw/Mn of 3.1.26,27 The d12-cyclohexane (Cambridge
Isotope Laboratories) was used to prepare the dilute solutions. The concentration of
specific solutions will be described in the discussion.
The NMR T1 relaxation measurements were carried out on a Joel 500, at 500
MHz, using the π-τ−π/2-echo sequence. The samples were purged with nitrogen before
measurements to minimize the effects of oxygen on the relaxation times. The temperature
was controlled to ± 0.5 °C. NMR signals of the solvent and the terminal CH3 on the side
chains are clearly resolved, although those of the CH2 overlap. NMR signals
corresponding to the PPE backbone were broad and weak as expected from a polymer
backbone in a confined geometry.
The SANS experiments were carried out on NG3 at NIST with λ = 6 Å. Twodimension data were collected and then integrated into one-dimensional patterns. At a
single temperature, data were collected at two q ranges, where the detector was placed at
1.5 and 13.1 m from the samples. The two q range data were combined together. Details
regarding the reduction process is given by NIST.28 The samples were encapsulated in a 2
mm thick, 1 cm diameter, quartz cells. The temperature was controlled using a water bath
to ± 0.5 °C.
NSE experiments were performed on the NG5 spectrometer using an incoming
neutron wavelength of λ = 6 Å and 8 Å (FWHM of 10 %). NSE measures directly the
intermediate scattering function S(q,t), which is displayed in normalized form
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S(q,t)/(S(q,0). The wave vector settings were 0.045, 0.085, 0.15 Å-1 and the Fourier time
ranges were 0.045ns < t < 17ns for 0.15 Å-1 and 0.1 ns < t < 40ns for 0.085 and 0.045 Å-1,
respectively. The temperature was controlled using a water bath to ± 0.5 °C. The solvent
was measured independently in an identical temperature range to that of the solutions.
The scattering function as a function of time S(q,t)/ S(q,0) = exp (-Γt), is analyzed in
terms of a correlation time Γ. Depending on the length scale, this correlation time
corresponds to a different process within the complex fluid.

Results and Discussion

The present study focuses on the structure and dynamics of dinonyl PPE in its
various association modes in cyclohexane. Dinonyl PPE in cyclohexane forms a yellow
fragile gel similar to the solution in toluene.29
Structural Studies

SANS profiles of a 2.06 wt% solution of dinonyl PPE in cyclohexane as a
function of temperature, are shown in Figure 4.3. The line shape of the pattern at 45 °C,
which corresponds to molecular solution, differs significantly from those measured at
lower temperatures. At lower temperatures, the patterns correspond to aggregates of
chains. No significant differences are observed in the scattering functions as gellation
takes place. This is similar to our previous studies in toluene.16,17 An upturn is observed
at low q, corresponding to a network formation.
Focusing first on the pattern at 45 °C, a slope α= 1.4 is observed. In dilute
polymer solution, scattering intensity I(q) scales with q as I(q)~q-α where α is an effective
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Figure 4.3. The SANS profiles in (a) log-log plots and (b) ln(q2*I) vs q2 plots of the 2.06
wt% solution in deuterated cyclohexane at different temperatures. The data were
collected as the sample was being heated up from 10 °C to 45 °C. The change in shape of
the SANS profiles implies that neutrons are scattered by different types of particles at T ≥
45 °C. The solid lines in (a) and (b) are the fits as described in the text.
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exponent, and is specific to a particular polymer chain.30-33 For a flexible Gaussian chain,
I(q) ~ q-2, for a chain with excluded volume, I(q) ~ q-1.66, and for rigid rod polymers, I(q)
~ q-1. For PPE in toluene, α~1 for similar concentrations, i.e, the backbone in solution is

rigid, whereas for cyclohexane, an enhanced flexibility is observed. In the absence of
strong electrostatic interactions, even highly conjugated polymeric molecules are known
to bend in solution.13 The value of α demonstrates that PPE molecules in cyclohexane are
semi-flexible and they assume a worm-like conformation. For worm-like objects with
the length of the chains significantly larger than their cross-sectional radius, the total
scattering function is described by: 28,34,35

I WC (q, L, b, R ) = c∆ρ 2 MSWC (q, L, b) PCS ( q, R)

(4-1)

where c is the concentration, ∆ρ2 is the scattering length density contrast, M is the
average molecular weight, and SWC(q,L,b) is the scattering function of single semiflexible chain. PCS is the form factor of a rigid rod and is given by:

PCS (q, R) = [

2 J 1 (qR) 2
]
qR

(4-2)

where J1(x) denotes a first order Bessel function. The model for worm like object is
presented as a line through the pattern at 45 °C (Figure 4.3(a)).
The model, marked as a solid line in Figure 4.3(a), provides a radius of 12.0 Å, a
Kuhn length of 119 Å and an overall length of 1200 Å. The 12 Å radius is consistent with
the dimension of a PPE backbone with stretched out side chains. The Kuhn length of 119
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Å corresponds to 17 repeating units of PE. 1200 Å is longer than a fully extended PPE
molecule of 90 repeating units, which is ca. 630 Å. This dimension is consistent with an
instantaneous aggregation to form longer structures. This is further supported by the
upturn in the intensity observed at low q.
With the same macromolecules in toluene, SANS studies at a similar
concentration suggest a cylinder form factor with a length of ~640 Å and a width of ~11
Å.16 The stretched out conformation is attributed to the planar structure of toluene. The
similarity between solvent and PPE backbone enhances their coupling, which leads to
increased solubility of the polymer and reduces the possibility of backbone bending. The
compatibility between cyclohexane and PPE nonyl side chains leads to a further stretched
out side chains and therefore a larger radius of the chain in cyclohexane.
The patterns at lower temperatures are characteristics of flat aggregates with the
thickness T much thinner then their x-y dimension. The scattering intensity is
proportional to the thickness of the aggregates and is given by:
I (q) = N P A

where RT =

T

12

2π (∆ρ ) 2 T 2
exp(−q 2 RT2 ); qRT < 1
2
q

(4-3)

, and A is the area of the particle cross section.28 As shown in Figure

4.3(b), the thickness has been extracted from the plot of ln(q2*I) versus q2, where the
slope and the intercept are correlated to the thickness and volume fraction of the
scattering particle since
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ln(q 2 * I (q)) = ln(2π (∆ρ ) 2 N P AT 2 ) − q 2 RT2 .

(4-4)

The thickness of these aggregates is ~80 Å, as shown in Figure 4.4. It decreases
slightly with increasing temperature, until the aggregates break up. While the onset of
association is at ~ 35 °C, gelation takes place at 20 °C, where the thickness becomes
constant. A similar association pattern is observed over a concentration range of 0.8 wt%
to 6 wt%.
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20
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35
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Figure 4.4. The thickness of flat aggregates in cyclohexane and in toluene, given by fits
from Figure 4.3(b). The lines are the guides.

The thickness of the aggregates in toluene is ~ 70 Å, as shown in Figure 4.4.16
The increased thickness of PPE aggregates in cyclohexane suggests either more PPE
molecules or a looser structure in aggregates. In aggregates, the possibility to form
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multilayer structure is very low due to weak interactions. The thickness of aggregates
therefore is determined by the packing order of PPE molecules. The aggregates in toluene
appear to be more densely packed on the basis of the thickness and the dissociation upon
increasing temperature is more rapid. The worm-like structure of PPE in cyclohexane at
high temperature affects the association in flat aggregates. The bending of backbones
introduces a less-ordered packing in aggregates and increases their thickness. The
compatibility between cyclohexane and PPE nonyl side chains enhance the interaction
between the solvent and the side chain, while the planar structure of toluene increases the
coupling between solvent and PPE backbone. This conjugated backbone-solvent coupling
leads to a quick dissociation of PPE aggregates in toluene upon increased temperatures.

Dynamics Studies.

The dynamics of solvent as well as the PPE molecules were followed as a
function of temperature in the molecular solution, the micellar phase and the fragile gel.
The time scale that would capture the dynamics of the solvent and PPE side
chains is within the range of NMR.

The spin-spin and spin-lattice relaxation times T1

and T2 reflects the dynamic processes that would contribute to magnetic relaxation
including rotational and translational diffusion. For nonviscous Newtonian liquids
T1~T2.36 T1 of the solvent as a function of temperature for two concentrations is presented
in Figure 4.5 and that of the PPE side chains is in Figure 4.6. No significant changes for
both side chains and solvent are observed as association takes place.
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A small decrease in relaxation times of solvent, as shown in Figure 4.5, is
observed at the gellation point, which is attributed to an overall constraint of the
aggregates. This is however a very small change that is almost within the noise of the
measurement. The relaxation time increases with increasing temperature as expected,
indicative of a faster motion of the solvent. The dynamics of the cyclohexane is affected
by the concentration of the PPE molecule as a result of the van der Waals interactions.
The overall effect on the relaxation times is significantly smaller than that observed in
toluene, as shown in Figure 4.5.
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Figure 4.5. The spin lattice relaxation times of the residual protonated cyclohexane and
toluene. The lines are the guides.

The spin-lattice relaxation time of the protons on nonyl side chains of the PPE is
on the order of 1 to 2 s in the liquid phase and decreases in the gel phase. The T1 of
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protons of both the methyl end group and methylene groups is independent on
concentration. The methyl group, which is less constrained, exhibits higher T1 than the
methylene group. In this study, T1 of the aromatic component of the PPE backbone was
undetectable on the time scale of the NMR measurement.
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Figure 4.6. Temperature dependence of T1 of –CH3 end group and –CH2– on the nonyl
side chain in solutions of 1.00 and 1.99 wt% of PPE in d12 cyclohexane, measured upon
heating. The solid and dashed lines are the guides.

The short T1 is attributed to the rigidity of the PPE macromolecule. Relaxation is
caused by fluctuating magnetic fields in the sample. There are a number of sources of
fluctuating magnetic fields. Among them are the existence of paramagnetic substances
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such as O2 and the dipole-dipole coupling. With dipole-dipole coupling, both molecular
tumbling and internal motion lead to the fluctuation of magnetic fields and bring about
relaxation. The rigidity of the macromolecule slows down the molecular motion and
leads to a shorter T1. The methylene group is more constrained than the methyl terminal
group, therefore constraining effects are expected to be more pronounced.37 The rotation
of methyl group is too fast to produce an efficient relaxation therefore exhibit a longer T1.
Comparing to our results in toluene solution, the relaxation times of protons on
nonyl side chains in cyclohexane are a little shorter, suggesting a more effective
relaxation of side chains. This means a slower motion of nonyl side chains in
cyclohexane. The slower motion here is attributed to stronger polymer-solvent
interactions due to compatibility between side chains and solvent molecules. As
temperature increases, T1 of the terminal methyl and the methylene groups increases.
This is a result of a faster thermal motion of side chains upon increased temperatures.
However, the close to linear dependence of relaxation times on temperature during the
transition indicates no significant change to the constraint on PPE side chains takes place
as the transition from gel to solution occurs. The result is quite surprising, compared to
our result in toluene system29. However, this is consistent with our SANS experiment
results of a broad transition range, which is discussed in next section. The independence
of T1 relaxation times on concentration suggests that the inter-polymer interactions do not
affect the rotational motion of methyl and methylene groups on side chains. When
interacting with each other, the rotation of methyl and methylene group along single C-C
bonds remains unchanged while the translational motion of sidechains is constrained.
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A broader transition range for PPE in cyclohexane system has been observed
compared to that in toluene.29 The NMR measurements have shown that the motion of
the cyclohexane as well of the PPE molecules has been constrained in the gel and also
partially in the liquid phase. The rheological response of the system suggests that the
translation motion is constrained in the gel phase. The relaxation times for the side chains
are in the range expected for a liquid suggesting that while some coupling between the
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Figure 4.7. NSE patterns of a 1.0wt% dinonyl PPE(140) solution in d-cyclohexane as a
function of time at: (a) 45 °C, (b) 25 °C, (c) 9 °C. The symbols represent the
experimental data and the lines correspond to different models.
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aromatic parts takes place as the gel is formed, significant rotational freedom is retained.
NSE measurements were carried out on a 1.0 wt% dinonyl PPE in d12cyclohexane.

The data for three representative temperatures, corresponding to a

molecular solution, micellar phase, and a fragile gel, are shown in Figure 4.7. The three
q ranges 0.046, 0.086 and 0.15 Å-1, correspond to 140, 87 and 42 Å, respectively. These
dimensions are above and bellow that of the Kuhn length, as determined by SANS.
With decreasing temperature, a significant constraint of motion is observed at all
q ranges. Molecular solutions are characterized by a fast decay on shorter length scales,
whereas on the length scale of the rigid segment of the backbone, a slower decay is
observed. As association takes place the motion is constrained on all length scales. As a
gel is formed, hardly any relaxation takes place on the large length scale; however the
chain segments retain a significant amount of motion on the shorter length scale. Similar
relaxations have been observed for PPE in toluene.23
Analyzing the data with a single exponential S(q,t)/S(q,0) = A exp[-Deff(q) q2 t] at
25 °C and 45 °C yields reasonable good matching to the experimental data. However, as
constraints are imposed either by an instantaneous interaction between molecules or
aggregates, one has to account for two separate processes, a fast and a slow one. Then,
S(q,t)/S(q,0) = A1 exp[-Deff(q) q2 t] + A2 exp[-D′eff(q) q2 t] to include both fast and slow
dynamics. The effective diffusion coefficients extracted from a single exponential
diffusion for the 45 °C data and the slow component for the micellar and gels as
calculated from the double exponents are described in Figure 4.8. The fast component at
25 °C and 9 °C lies within the range of the motion of 45 °C and is omitted for clarity.
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Figure 4.8. Effective diffusion coefficients as derived from the different models
described in the text.

As a function of q in all phases there are two regions below and above q of 0.12,
where above this value, the Deff(q) is higher. This region may depict the motion of the
side chains that is less constrained than the backbone of the polymer in all phases.
Both the molecular solutions and the micellar phases are Newtonian liquids
whereas the transition into the gel phase is accompanied by a change in viscosity. On the
time scale of the NMR measurements hardly any restriction of motion of the solvent has
been observed, though there are macroscopic changes in the system as the gellation takes
place.
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Figure 4.9. Zimm plots for a 1 wt% dinonyl PPE solution in cyclohexane at (a) in the
molecular solution at 45 °C, (b) in the micellar solution at 25 °C and (c) in the gel phase
at 9 °C. The lines correspond to models described in the text. Here at low q, the data is
truncated due to time limit.

The smallest q range reflects the center of mass diffusion in the molecular
solutions. In the complex fluids that consist of aggregates it reflects the center of mass
diffusion of the clusters. Zooming in, in long range an undulation is observed in all
phases, where it is further constrained as aggregates are formed and jamming takes place.
We assign this dynamic mode to undulation of the polymer chain in and out of the plane
or in other words buckling. The buckling is faster in molecular solutions and slows down
as the chain is constrained. Since all aggregates contain solvent, this dynamic mode is not
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fully arrested, but only slows down as the temperature decreases. The highest q range
encapsulates the dynamics of the side chains. The translational diffusion is affected as
aggregation and gellation take place, however the rotational motion is retained. This is
consistent with our NMR measurements of the relaxation time of the CH3 group of the
side chains.
In order to obtain further insight into the cooperative motion of the PPE
backbone, its side chains and the solvent, the data were analyzed using a Zimm model.3842

The coherent intermediate scattering function S(q,t)/S(q,0) is scaled by the Zimm time

(q3t)2/3 and plotted against the PPE molecular solution, micellar solution and gel in Figure
4.9. This model has yielded a good agreement in molecular solutions where the
molecules are free to diffuse. In the micellar solution and gel though, the Zimm model
could not describe the dynamics. In this intermediate range where the micelles coexist
with molecular solutions, a more complex description would be needed to capture the
coupled motion in the system.
The Zimm model however provides an effective viscosity on different length
scales. For 45 °C the viscosity increases with zooming in. For the q values of 0.046 Å-1:
0.086 Å-1: 0.15 Å-1 the normalized viscosity exhibit the ratios of 1:1.47:1.62. This result
is somewhat surprising. We attribute the increase in local viscosity in cooperative
diffusion of the solvent as it associates with the PPE molecule. Further computer
simulations are currently underway to validate this assertion. The normalized viscosity in
the gel phase is 3.7 in small and intermediate q range and is 3 at larger q values. Since the
aggregates are confined, it results in enhanced large scale arresting of motion, whereas
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local motions are not affected. This is consistent with jamming of the aggregates while
retaining local buckling motion.
While a similar dynamics has been observed for PPE in toluene, the Deff(q) in
cyclohexane is smaller in both molecular solution and micellar phases.23 This is
consistent with the loose packing and larger dimension of aggregates in cyclohexane as
well as the coupling between toluene and PPE backbone, which leads to increased
diffusion. Due to this coupling between planar toluene molecules and backbones, PPE in
toluene in the micellar phase follows the Zimm model, while it deviates in cyclohexane.

Summary

PPE in cyclohexane exhibits a phase diagram similar to that of PPE in toluene,
including a molecular solution, a micellar solution and a fragile gel phase. However, the
conformation of the molecule and the dynamics diverge from that of PPEs in toluene.
The structural studies have shown that the PPE in cyclohexane assumes a wormlike conformation, other than a rigid one in toluene. The flexibility of polymer chains in
cyclohexane affects the association and decreases the packing order of PPE within
aggregates.
The dynamics of the cyclohexane is only slightly affected by the association of
PPEs while toluene exhibits a sharper transition.
In molecular solution, the center of mass diffusion as well as the internal chain
dynamics are slower in comparison with toluene.
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In cyclohexane the PPE chains do not follow Zimm dynamics in any aggregated
states.
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CHAPTER 5
STRUCTURE AND DYNAMICS OF PPE
WITH BULKY SIDE CHAINS

Introduction

The structure and dynamics of polymer gels have attracted interest recently.1-8 A
polymer gel usually is composed of a network of interconnected polymer molecules or
aggregates with constraint on the mobility of the liquid medium, which leads to increased
viscosity. The interactions involved in the crosslink of the network are covalent bond
(forming chemical gel), hydrogen bonds, van der Waals interactions and other physical
constraints (forming physical gel). Crosslinks in a polymer gel freeze part of
concentration fluctuations and induce a non-ergodic feature. Due to the crosslink, gels
exhibit both features of solid and liquids. They maintain their shape for some time like a
solid and over longer time scales flow like a liquid.
Small angle neutron scattering (SANS) and neutron spin echo (NSE) techniques
have been used to study the structure and dynamics of polymer gels. NSE spectroscopy
provides a time resolution in the range from 0.01 to 100 ns enabling access to molecular
motion on a mesoscopic time scale.9 At this scale the molecular motion of polymers that
underlie their macroscopic viscoelastic behavior takes place. NSE studies on polyvinyl
alcohol (PVA) gels have shown different scattering functions depending on the specific
structure of the gels.7,8 The fluctuations in PVA gels with cross-linking by crystallites or
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chemical bonds consist of static and dynamic parts. However, a weakly cross-linked PVA
gel includes only the dynamic fluctuations. Koizumi et al. studied the static
inhomogeneities (and concentration fluctuations) in a hydrogel of a poly(N-isopropyl
acrylamide).4-6 In their studies, the static scattering by SANS and the intermediate
scattering function by NSE were combined to obtain a time evolving picture of the
concentration fluctuations in polymer gel. The scattering function was quantitatively
decomposed into a thermal concentration fluctuation and a static inhomogeneity. Hecht et
al. studied the thermal fluctuations in swollen gels.1,2 The excess scattering in gel
observed in SANS is attributed to the static concentration fluctuations that are frozen in
by the cross-links. The NSE gives a larger collective diffusion coefficient in gel than in
solution indicating a lower polymer solvent friction coefficient in the crosslinked
network. All those gels studied consist of polymers exhibiting flexibility. Very few
studies have been carried out to understand the dynamics of rigid polymers in gels.3
The rigidity of polymer chains affects their dynamics in solution and gel. NSE has
been successfully employed to study of rigid polymer dynamics in dilute solution.10
Alkyl-substituted polynorbornenes in tetrahydrofuran for example, exhibit large rotation
barriers, hindering conformational changes on rigid polymer chains. The NSE profiles
display the signature of a dynamical stiffness due to the “frozen” coil conformation and
the dynamical stiffness of the chains leads to a significantly retarded relaxation as
compared to what is described by Zimm model.10 This model describes the diffusion of a
macromolecule in a solvent, taking into account the hydrodynamic interactions between
polymer and solvent molecules. We have previously studied the dynamics of a rigid
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polymer, poly(p-phenyleneethynylene) (PPE) with nonyl side chains in a thermoreversible gel in toluene.3 The NSE results show that the intermediate scattering function
in gel is dominated by a combination of fast and slow dynamics. A cooperative dynamics
between the solvent and PPE molecules has been observed in the unjammed phase.

Figure 5.1. The chemical structure of TIPS PPE.

We have discussed in our precious studies the structure and dynamics of PPE with
nonyl sidechains.3,11,12 In this paper, we report the results of neutron spin echo (NSE) and
small angle neutron scattering (SANS) studies on a rigid polymer, PPE with
triisopropylsiloxyl (TIPS) side chains as shown in Figure 5.1, in gel in toluene.
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Experimental Section
Samples

The poly(p-phenyleneethynylenes) (PPEs) with triisopropylsiloxyl (TIPS) side
chains were synthesized13 to identify the effects of sidechains on the association of PPEs
in solution. The chemical structure of TIPS PPE is shown in Figure 5.1. The number of
repeat units of TIPS PPE has been determined by gel permeation chromatography (GPC)
as 18 and Mw/Mn = 2.8. A solution of TIPS PPE at concentration of 1.0 wt% in deuterated
toluene was prepared for the neutron scattering measurements.
Neutron Scattering

NSE and SANS experiments were carried out at NIST. NSE experiments were
performed on the NSE-NG5 spectrometer using an incoming neutron wavelength of λ = 6
Å and 8 Å (∆λ/λ = 10 %). NSE measures the intermediate scattering function S(q,t),
which is displayed in normalized form S(q,t)/(S(q,0). ). The wave vector settings were
0.045, 0.085 and 0.15 Å-1 and the Fourier time ranges were 0.045 ns < t < 17 ns for 0.15
and 0.085 Å-1 and 0.1 ns < t < 40 ns for 0.045 Å-1, respectively. Samples were
encapsulated in a 2 mm thick, 1 inch diameter, quartz cell. The temperature was
controlled using a water bath to ± 0.5 °C. S(q,t) was measured separately for the solvent
and data and normalized accordingly.
SANS experiments were carried out on NG3 at NIST with λ = 6 Å. Data were
collected on a two dimensional detector and then integrated into one-dimensional
patterns. Raw patterns were isotropic. The detector was shifted to capture the maximal
detectable q range. At a single temperature, data were collected at two q ranges, where
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the detector was placed at 1.5 and 13.1 m from the samples. The two q range data were
combined. The scattering of the solvent was measured separately and subtracted from the
data. Details regarding the reduction process are provided by NIST.14 Samples were
encapsulated in a 2 mm thick, 1 cm diameter, quartz cell. The temperature was controlled
using a water bath to ± 0.5 °C.

Results and Discussion
Gel Structure

The 1.0 wt% TIPS PPE solution in toluene exhibits characteristics of gel.
Compared to previously studied dialkyl PPE gel,12 this one shows different properties.
The TIPS PPE gel is very stable and does not break upon changes in temperature (4 °C 60 °C) or applying a shear force. The stability indicates a strong interaction in the
network structure formation. When the gel was dried to recollect the TIPS PPE polymer,
the X-ray scattering profiles showed similar patterns to that of original bulk.15 This
suggests a physical gel and no chemical bonding involved in gel formation. At a
concentration lower than 0.3 wt%, TIPS PPE in toluene forms a liquid like solution under
visual observation. The SANS measurements were performed to provide information
regarding the chain conformation in solutions and network structure in gels.
The SANS profiles of TIPS PPE in d8-toluene at different concentrations are
shown in Figure 5.3. The profile of 1.0 wt% TIPS gel at 60 °C exhibits a slope of -2 at
low q and -1.2 at high q. In the gel phase as well, the 0.5 wt% one shows a similar pattern
to that of higher concentration although a lower scattering intensity is observed. The
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crossover between these two slope regions takes place at around q = 0.03 Å-1, as
indicated in Figure 5.3. The slope at low q hardly changes as the concentration decreasing
to 0.05 wt%, while the crossover moves towards lower q. At high q range, the slopes start
to increase and reach -1 for 0.05 wt% and 0.1 wt%. The temperature variation changes
the slope slightly at low q while the slope at low q is maintained. The slopes of the 1.0
wt% TIPS PPE gel profiles, for example, changes from -1.9 to -2 as the temperature
increases from 20 °C to 60 °C.
The patterns of the profiles are different to those of dinonyl PPE.12 A different
network structure is therefore expected in this gel. The profiles measured at lower
concentrations show a slope of –1 at high q, corresponding to cylindrical symmetry. The
scattering profiles of 1.0 wt% and 0.5 wt% at the high q range were fitted to a cylinder
form factor, yielding a radius of around 11 Å-1. This is consistent with the conformation
of the stretched-out TIPS PPE. The increased crosslink sites due to the increasing
concentration widen the statistical radius. The slope close to –2 at low q suggests the
existence of a network. The crossover takes place at q ~ 0.03 Å-1, corresponding to a
dimension of around 20 nm. This could be the mesh size of the network. The network
structure also exists, at least in the dimension of detection, in solutions at lower
concentrations since similar slopes are observed. However, the shifting of crossover to
low q is an indication of a looser structure compared to that in gel.
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Figure 5.3. SANS profiles of TIPS PPE in d8-toluene at 30 °C at the concentration of
0.05 wt% (∇), 0.1 wt% (▼), 0.2 wt% (∆), 0.3 wt% (▲), 0.5 wt% () and 1.0 wt% (+ for
20 °C,  for 30 °C,  for 50 °C and  for 60 °C). The solid lines correspond to the
marked slopes and the dashed line is the indication of q = 0.3 Å-1.

Taking into account the average length of the backbone (Pn = 18, ~ 13 nm), interlinks between TIPS PPE oligmers take place to form longer structures with characteristics
of rod. Those connected structures further cross-link to form a network, as shown in the
schematic diagram in Figure 5.4. Considering the stability of the gel, the interactions
involved in crosslink are strong. However, this is a physical gel and only physical
interactions were involved in this process. A “molecular-lock” mechanism, based on
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inter-lock between two TIPS PPE molecules through side groups, has been proposed to
understand the gel formation.16-18 In this proposed mechanism the bulky TIPS side
groups, owning almost a same dimension to the space between two neighboring side
groups on one side of the backbone, are squeezed into the space and therefore locked.
This locking is very strong and comparable to chemical bonding.

~20nm

Figure 5.4. Schematic diagram of the network structure in TIPS PPE gel.
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Relaxation Spectra

The dynamic response of a polymer system is governed by the motion of chain
segments. In a network, crosslinks constrain the local motion of the segments. Therefore
the overall dynamic response of a gel will not relax completely to zero as in solution.
Figure 5.5(a) and (b) present the NSE decaying profiles of the 1 wt% TIPS PPE
solution in d-toluene at 20 °C and 50 °C. Both Figure 5.5(a) and (b) cover six q ranges,
0.021 Å-1, 0.048 Å-1, 0.060 Å-1, 0.086 Å-1, 0.153 Å-1 and 0.176 Å-1. The whole q range in
this experiment mainly covers a dimension from 36 Å to 300 Å. Therefore we observe
both collective and internal motions of polymer chains. The collective diffusion
contributes to the relaxation as multiplicative factor exp(-Deff(q) q2t) to the internal
dynamics. Here, Deff(q) = Γ(q) /q2 and Γ(q) is the decay rate.
At both temperatures (20 °C and 50 °C), the decaying profiles show similar
patterns. The decaying rate at low q is slower than that at high q. While the dynamics at q
=0.176 Å-1 and 0.153 Å-1 has been fully decayed, the decays at lower q values are not
finished yet. The decay rate decreases as the q value decreases.
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Figure 5.5. NSE patterns of a 1.0 wt% TIPS PPE solution in d-toluene as a function of
decay times at different q ranges at: (a) T = 20 °C, (b) T = 50 °C. The symbols represent
the experimental data and the solid lines correspond to fittings to exponential functions as
explained in the text. Data are plotted to capture the dynamic range at each q range bound
to each instrumental limit.
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In the swollen gel, the components dominating the dynamic relaxation include
both dynamic and static fluctuations. The NSE profiles of TIPS PPE in the gel phase are
best described by the diffusion-type scattering function S(q,t)/S(q,0) = A + B exp[-Γt]
and fitting yields acceptable results,7 as shown in Figure 5.5. The initial slope (Γini) of the
decay curves was further examined and the values of Γini/q2 are shown in Figure 5.6.
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Figure 5.6. Effective diffusion coefficients as a function of q for 1.0 wt% TIPS PPE in
toluene at 50 °C (square), and at 20 °C (triangle). The solid line is a guide.

At all q ranges, the values of Γini/q2 at 50 °C are a little larger than those at 20 °C.
This suggests that the temperature does affect the segment motion of polymer chain in gel
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through thermal fluctuations. At low q, the Deff(q) = Γini/q2 is larger than those of the
dinonyl PPE gel.3 This is explained as a large ratio of polymer molecules are only
partially constrained in the network.
The Γini excludes the static fluctuation and represents only the dynamic
fluctuations in gel. At low q, Γini changes according to ~q2, corresponding to the
collective diffusion. At intermediate and high q, Γini has ~q3 dependence. It is well known
that the internal motion of a Zimm single chain has q3 dependence. We have shown that
the intermediate scattering function of rigid polymer chains with the presence of
hydrodynamic interactions can be well described by Zimm model.3
The intermediate scattering function is plotted as a function of Zimm time (q3t)2/3
at both 20 °C and 50 °C, as shown in Figure 5.7. The Zimm scaling works well in a short
time region below about (q3t)2/3 = 0.04 ns2/3A-2 while the scattering function deviates
from the Zimm master curve(solid line) and slows down in the long time region. This is
consistent with the observation on a chemically cross-linked PVA gel.7 It is obvious that
the slowing down is caused by the physical crosslinking in the gel. In the short time
range, TIPS PPE polymer chains do not experience the restriction of the cross-linking and
therefore behave like Zimm chains. However, in the long time range, the restriction from
the cross-linking takes place and the motions of the chains is constrained.
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Figure 5.7. Zimm plots for a 1.0 wt% TIPS PPE gel in toluene at 50 °C at q = 0.15 Å-1
(solid cycle), q = 0.083 Å-1 (solid triangle) and q = 0.043Å-1 (solid square) and at 20 °C at
q = 0.15 Å-1 (open cycle), q = 0.083 Å-1 (open triangle) and q = 0.043 Å-1 (open square).
The solid lines correspond to Zimm curves.

Summary

In this study, we investigated the structure and the dynamics of a 1 wt% TIPS
PPE gel, a physically crosslinked gel, in toluene within a spatial scale of nanometers to
tens of nanometers and a time scale of tens of nanoseconds using the SANS and NSE
techniques. SANS results suggest that TIPS PPE in toluene form a three dimensional
network consisting of rigid rods. This gellation mechanism leads to a network similar to
those via chemical bonding. The NSE profiles exhibit the decays consisting of static and
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dynamic parts in gel. The observed intermediate scattering function was described by the
Zimm model in the short time region, suggesting the Zimm behavior of PPE chains in the
network. However, in the long time range, the restriction from the cross-linking takes
place and the motions of the chains is constrained.
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CHAPTER 6
FROM MOLECULAR SOLUTIONS TO FRAGILE GELS:
DYNAMCIS OF RIGID POLYMERS IN SOLUTIONS

Introduction

Gels formed by highly conjugated polymers often exhibit well-defined electrooptical response. The association mode of the polymers and the dynamics of the
macromolecules on multiple length scales fine-tune their electronic levels.1,2 In general,
polymers with conjugated backbones are intrinsic organic semiconductors. They are
candidates for active components in organic based electro-optical devices including
organic light-emitting diodes (OLED)s, photovoltaic cells, transistors, detectors /sensors
and liquid crystal based devices.3-12 some are solid-state devices and others are liquid
and liquid crystalline materials encapsulated in different cells.
Multiple factors determine their electro-optical response among them is the
conjugation length, or the length of the segment over which the electrons can be
described in terms of bands. The conjugation length is determined predominantly by the
chemical structure and the conformation of the macromolecules. In addition to the basic
chemical structure, the dynamics of the system and the association mode of the polymers
affect their conformation.
We have recently shown that dialkyl PPEs (Figure 6.1) form optically active gels

Reprinted with permission from [Jiang, Y.; Perahia, D.; Bunz, U. H. F. AIP Conf. Proc.
982, 312(2008)]. Copyright [2008], American Institute of Physics.
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when immersed in toluene at concentrations bellow their liquid crystalline critical
threshold. Small angle neutron scattering SANS) revealed that at high temperatures in
toluene, the polymer chains are extended with a persistence length that is often extended
across the entire molecular dimensions. As the temperature decreases, association into
flat aggregates takes place.13-15

Figure 6.1 The chemical structure of poly (para phenyleneethynylenes
represents different groups.

(PPEs). R

The aggregates increase in size until they jam into each other and form a fragile
gel. Figure 6.2 introduces a schematic description of the process. This gel is essentially a
fragile phase where a small shear breaks the network. The conformation of the polymeric
backbone differs in the molecular solutions, the micellar ones, and the gels. It is evident
by the colorless nature of the molecular solutions and the yellow color in the solutions
that consists of clusters that correspond to different separation of the electronic levels.
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Sinfle

Aggregate
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Figure 6.2. A schematic representation of the different assembling modes of PPE in

toluene.

There are varieties of open questions regarding the driving force to association as
well as the factors that control the stability of the clusters.

There is very limited

understanding however, of the dynamic processes that take place within the different
phases. While many polymers form gels in presence of solvents, the fragile nature of this
gel is more in line with a colloidal complex fluid rather than a polymeric solution.
A wide range of soft materials including colloids, emulsions and foams undergo
constrain of their motion at low temperatures or high volume fractions.16-19

The

constrained gel-like phase, or ‘jammed’ phase, is characterized by a solid-like rheological
response while the local dynamics is often rather fast in comparison with that of
molecules in a solid. In contrast to solids, in this type of ‘fragile matter’, changing the
direction of applied stress will release the constraint. In colloidal systems (rigid particles
with no electrostatic interaction), the balance between the thermal energy ~kT of a
system at a given temperature T (where k is the Boltzmann constant) and the attractive
interaction between particles determines the state of the system, i.e. fluid or constrained.
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The same phenomena have been observed in solutions of polymeric micelles and
star polymers, where cooling or heating leads to formation of gel-like phases.13-15,19,20
Similar to colloidal solutions, the energy balance controls the state of the system.
However, changing temperature in a complex system, which consists of aggregates, does
not just change the inter-particle interactions and kT, but also affects the association
mode. Relatively small changes in temperature may be accompanied by significant
changes in the microstructure of the system. Thus the formation of a constrained phase is
a combination of multiple factors. The assembling of particles, in particular, polymeric
chains into aggregates and the dynamics of the entire aggregate define the overall state of
the complex fluid.
Neutron Spin Echo (NSE) and nuclear magnetic resonance (NMR) measurements
of PPE in toluene,18,20 revealed that the solvent has been highly confined to the di-alkyl
PPE molecule. The similarity in the chemical structure of the solvent and the backbone of
the polymer drive further association of the solvent via π−π stacking. As aggregation
takes place, significant amount of solvent is trapped within the aggregates affecting the
motion of the PPE molecule on the length scale of the side chain and the rigid segment.
The gellation process is accompanied by a constrained of motion on the length scale of
the aggregates. The dynamic processes measured in toluene are those of a strongly
coupled polymer-solvent complex fluid.
The present study focuses on the structure and dynamic processes of PPE in
cyclohexane, a solvent that readily dissolves the polymer, however its interaction with the
chains is limited to the Van der Waals energy order of magnitude. The dynamic
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characteristics of the polymer and the solvent span multiple length and time scales.
Nuclear magnetic resonance has been used to study the dynamics of the solvent and
neutron spin echo provided insight into the dynamics of the PPE molecule.

Experimental
Materials

The poly(para phenyleneethynylene) (PPE) with the nonyl side chain was
synthesized by alkyne metathesis. Details are given elsewhere.21 The number of repeating
unit of dinonyl PPE has been determined by gel permeation chromatography (GPC) as
140 and Mw/Mn=3.1. Solutions of dinonyl PPE in deuterated toluene (Cambridge Isotope
Lab) was prepared for the measurements of small angle neutron scattering (SANS) and
neutron spin echo (NSE).
Neutron Scattering

NSE and SANS experiments were carried out at NCNR of NIST. SANS
experiments were carried out on NG3 with λ = 6 Å. Two-Dimension data were collected
and then integrated into one-dimensional patterns. At a single temperature, data were
collected at two q ranges, where the detector was placed at 1.5 and 13.1 m from the
samples. The momentum transfer vector q is defined as: q=(4π/λ)sinθ is the wave vector
in the z direction, λ is the wave length and θ is the incidence angle. The data measured at
two separate detector distances to cover as large as possible q range, were combined.
Samples were encapsulated in a 2mm thick, 1 cm diameter, quartz cells. The temperature
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was controlled using a water bath to ± 0.5 °C. All the data are normalized to transmission
of the sample and to the scattering of the solvent at the measured temperature.
NSE experiments were performed on NG5 spectrometer using an incoming
neutron wavelength of λ = 6 Å and 8 Å (FWHM of 10 %). NSE measures directly the
intermediate scattering function S(q,t), which is displayed in normalized form
S(q,t)/(S(q,0). The wave vector settings were 0.045, 0.085, 0.15 Å-1 and the Fourier time
ranges were 0.045ns < t < 17ns for 0.15 Å-1 and 0.1 ns < t < 40ns for 0.085 and 0.045 Å-1,
respectively. The temperature was controlled using a water bath to ±0.5 °C. The solvent
was measured independently in an identical temperature range to that of the solutions.
The scattering function as a function of time S(q,t) = S(q,0) exp (-Γt), is analyzed in terms
of a correlation time Γ. Depending on the length scale, this correlation time corresponds
to a different process within the complex fluid.

NMR Measurements

NMR T1 measurements were carried out on a Jeol 500MHz for protons. Nitrogen
was bubbled through the samples and the samples were sealed, to avoid any effects of
oxygen on the relaxation times. The temperature was controlled to ± 0.20 °C. NMR
signals of the solvent, the terminal CH3 on the side chains are clearly resolved, were
those of the CH2s are overlapping. NMR signal of the PPE backbone was broad and
weak as expected form a polymer backbone in confined geometry. Here in the data for
the solvent are presented.
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Results and Discussions

The present study follows the dynamics of PPE in its various association modes
in cyclohexane, a good solvent whose interaction with the polymer are limited to Van der
Waals ones. Similar to toluene solutions, the PPEs molecules associate into aggregates
that form a fragile gel. The conformation of the molecules however differs form that in
toluene.
Structural Studies

SANS profiles of a 2.06 wt% solution of dinonyl PPE in cyclohexane as a
function of temperature, are shown in Figure 6.3. The line shape of the pattern at 45 °C
differs significantly from those measured at lower temperatures. The pattern at 45 °C
corresponds to molecular solutions. At lower temperatures, the patterns correspond to
assemblies of chains. No significant differences are observed in the scattering functions
as gellation takes place. This is similar to our previous studies in toluene.20 An upturn is
observed at low q, corresponding to a network formation.
Focusing first on the pattern at 45 °C, a slope α= 1.4 is measured. In dilute
polymer solution, scattering intensity I(q) scales with q as I(q) ~ q-α where α is an
effective exponent, and is specific to a particular polymer chain.18, 22-24 For a flexible
Gaussian chain, I(q) ~ q-2, for a chain with excluded volume, I(q) ~ q-1.66, and for rigid
rod polymers, I(q) ~ q-1. For PPE in toluene, α~1 for similar concentrations, i.e, the
backbone in solution is rigid, whereas for cyclohexane, an enhanced flexibility is
observed.
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Figure 6.3. The SANS profiles of a 2.06 wt% dinonyl PPE in cyclohexane as a function
of temperature. (a) data normalized to the scattering of the solvent (b)A Kratkey plot of
the small angle region, where the lines correspond to a Guenier fitting.

117

The value of α demonstrates that PPE molecules in cyclohexane are semi-flexible
and they assume a worm-like conformation. For worm-like objects with the length of the
chains significantly larger than their cross-sectional radius, the total scattering function is
described by:25,26

I WC (q, L, b, R ) = c∆ρ 2 MSWC (q, L, b) PCS (q, R )

(6-1)

where c is the concentration, ∆ρ2 is the scattering length density contrast, M is the
average molecular weight, and SWC(q,L,b) is the scattering function of single semiflexible chain . PCS is the form factor of a rigid rod and is given by:
PCS (q, R) = [

2 J 1 (qR) 2
]
qR

(6-2)

where J1(x) denotes a first order Bessel function. The model for worm like object is
presented as a line through the pattern at 45 °C.
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Figure 6.4. The thickness of PPE aggregates in cyclohexane.

The model, marked as a solid line in Figure 6.3a, provides a cross section of 12.0
Å , a Kuhn length of 119 Å and an overall length of 1200 Å. The 12 Å radius is
consistent with the dimension of a PPE backbone with stretched out side chains. The
Kuhn length of 119 Å corresponds to 17 repeating units of PE. 1200 Å is longer than a
fully extended PPE molecule of 90 repeating units, which is ca. 630 Å. This dimension is
consistent with an instantaneous aggregation to form longer structures. This is further
supported by the upturn in the intensity observed at low q.
The patterns at lower temperatures are characteristics of flat aggregates with the
thickness T much thinner then their X-Y dimension. The scattering intensity is
proportional to the thickness of the aggregates and is given by:
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I (q ) = N P A

where RT =

T

12

2π (∆ρ ) 2 T 2
exp(−q 2 RT2 ); qRT < 1
2
q

(6-3)

, and A is the area of the particle cross section.25-26 The thickness has

been extracted from the plot of ln(q2*I) versus q2, where the slope and the intercept are
correlated to the thickness and volume fraction of the scattering particle since

ln(q2 * I (q)) = ln(2π (∆ρ) 2 NP AT 2 ) − q2 RT2 .

(6-4)

The thickness of these aggregates is ~80Å. It decreases slightly with increasing
temperature, until the aggregates break up. The aggregates appear to be more tightly
packed with less solvent molecules incorporated. While the onset of association is at ~35
°C, gelation takes place at 20 °C, where the thickness becomes constant.

Similar

association pattern is observed over a concentration range of 0.8 wt% to 6 wt%.
Dynamics Study

The dynamics of solvent as well as the PPE molecules were followed as a
function of temperature in the molecular solution, the micellar phase and the fragile gel.
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Figure 6.5. The spin lattice relaxation time of cyclohexane, measured at a temperature
range similar to that of the structural data.

The time scale that would capture the dynamics of the solvent is within the range of
NMR.

The spin-spin and spin-lattice relaxation times T1 and T2 reflects the dynamic

processes of the solvent that would contribute to magnetic relaxation including rotational
and translational diffusion. For non viscous Newtonian liquids T1~T2.27 T1 of the solvent
as a function of temperature for two concentrations is presented in Figure 6.5. No
significant changes are observed as association takes place. A small decrease in
relaxation times is observed at the gellation point, which is attributed to an overall
constrained of the aggregates. This is however a very small change that is almost within
the noise of the measurement. The relaxation time increases with increasing temperature
as expected, indicative of a faster motion of the solvent. The dynamics of the
cyclohexane is affected by the concentration of the PPE molecule as a result of the VdW
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interactions. The overall effect on the relaxation times is significantly smaller then that
observed in toluene.
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Figure 6.6. NSE patterns of a 1.0 wt. % dinonyl PPE(140) solution in d-cyclohexane as a
function of time at: (a) 45 °C, (b) 25 °C, (c) 9 °C. The symbols represent the
experimental data and the lines correspond to different models.

NSE measurements were carries out on a 1.0 wt% PPE in d-cyclohexane. The
data for three representative temperatures, corresponding to a molecular solution,
micellar phase, and a fragile gel, are shown in Figure 6.6. The three q ranges 0.046, 0.086
and 0.15 Å-1, correspond to 140, 87 and 42 Å, respectively. These dimensions are above
and bellow that of the Khun length, as determined by SANS.
With decreasing temperature, a significant constrain of motion is observed at all q
ranges. Molecular solutions are characterized by a fast decay on shorter length scales,
whereas on the length scale of the rigid segment of the backbone, a slower decay is
observed. As association takes place the dynamics is constrained on all length scale. As a
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gel is formed, hardly any relaxation takes place on the large length scale, however the
chains retain a significant amount of motion on shorter length scale.
Analyzing the data with a single exponential S(q,t)/S(q,0) = A exp[-Deff(q) q2 t] at
25 °C and 45 °C yields reasonable good matching to the experimental data. However, as
constrains are imposed either by an instantaneous interaction between molecules or
aggregates, one has to account for two separate processes, a fast and a slow ones.
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Figure 6.7. Effective diffusion coefficients as derived from the different models describe
in the text.

Then, S(q,t)/S(q,0) = A1 exp[-Deff(q) q2 t] + A2 exp[-D′eff(q) q2 t] to include both
fast and slow dynamics. The effective diffusion extracted from a single exponential
diffusion for the 45 °C data and the slow component for the micellar and gels as
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calculated from the double exponents are described in Figure 6.7. The fast component of
the 25 and 9 °C lies with in the range of the motion of 45 °C and is omitted for clarity.
As a function of q in all phases there are two regions bellow and above q=0.12,
where above this value, the effective diffusion is higher. This region may depict the
motion of the side chains that is less constrained then the backbone of the polymer in all
phases.
Both the molecular solutions and the micellar phases are Newtonian liquids
whereas the transition into the gel phase is accompanied by a change in viscosity. On the
time scale of the NMR measurements hardly any restriction of motion of the solvent has
been observed, though there are macroscopic changes in the system as the gellation takes
place.
The smallest q range reflects the center of mass diffusion in the molecular
solutions. In the complex fluids that consist of aggregates it reflects the center of mass
diffusion of the clusters. Zooming in, in long range an undulation is observed in all
phases, where it is further constrained as aggregates are formed and jamming takes
place. We assign this dynamic mode to undulation of the polymer chain in and out of the
plane or in other words buckling. The buckling is faster in molecular solutions and slows
down as the chain is constrained. Since all aggregates contain solvent, this dynamic mode
is not fully arrest, but only slows down as the temperature decreases. The highest q range
encapsulates the dynamics of the side chains. The translational diffusion is affected as
aggregation and gellation takes place, however the rotational motion is retained. This is
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consistent with our NMR measurements of the relaxation time of the CH3 group of the
side chains (not shown inhere).
In order to obtain further insight into the cooperative motion of the PPE backbone
its side chains and the solvent the data were analyzed using a Zim model.28-33 The
coherent intermediate scattering function is scaled by the Zimm time (q3t)2/3 and plotted
against for the PPE molecular solution , micellar solution and gel in Figure 6.8. This
model have yield good agreement in molecular solutions where the molecules are free to
diffuse as well as in the gel, where the overall motion of the network in constrained. In
the micellar solution though, the Zimm model could not describe the dynamics. In this
intermediate range where the micelles co-exist with molecular solutions, a more complex
description would be needed to capture the coupled motion in the system.
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Figure 10.8. Zimm model at three temperatures, in the molecular solution at 45 °C, in the
micellar phase at 25 °C and in the gel phase at 9 °C.
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The Zimm model however provides an effective viscosity on different lengths
scales. For 45 °C the viscosity increases with zooming in. For the q values of 0.043 Å-1:
0.083 Å-1: 0.15Å-1 the normalized viscosity exhibit the ratios of 1:1.47:1.62. This result is
some what surprising. We attribute the increase in local viscosity in cooperative diffusion
of the solvent as it associated with the PPE molecule. Further computer simulations are
currently on the way to validate this assertion. The Normalized viscosity in the gel phase
is 3.7 in small and intermediate q range and is 3 at larger q values. Since the aggregates
are confined, it results with enhance large scale arrest of the motion, whereas local
motions are not affected. This is consistent with jamming of the aggregates while
retaining local buckling motion.

Summary

The structural studies have shown that the PPE assumes a worm-like
conformation in cyclohexane. It associates to form dense thin flat aggregates that jam into
each other to form a gel.
Combining the NMR and NSE studies we observe several characteristic dynamic
processes, including rotation and center of mass diffusion of the solvent, the motion of
the PPE backbone that of the side chains as well as the aggregates. While the overall
viscosity of the complex fluids increases significantly as the gellation transition takes
place, it is no longer Newtonian the solvent and the side chains are only slightly affected.
The PPE backbone undulates in and out of the plane. This buckling motion is
retained in all phases since some solvent is incorporated into the constrained modes. As
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association takes place the aggregates freely diffuse until they reach a critical size in
which they jam into each other to form a gel.
The relaxation of the PPE backbone reflects the changes in the aggregation mode
of the PPE while the side chains and the solvent retain a significant degree of motional
freedom.
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CHAPTER 7
MOLECULAR CONFOMATION STUDIES OF PPES

Introduction

In this chapter, the conformation of poly(p-phenyleneethynylenes) (PPEs) (Figure
7.1), in solutions is studied by nuclear magnetic resonance (NMR) spectroscopy and
simulations via molecular mechanics. This basic understanding is critical to the further
development of organic electro-optical devices.

Figure 7.1. The chemical structure of PPE. R represents an alkyl chain. In this study, R
is a linear nine hydrocarbon chain.

Conjugated polymers combine the processability and mechanical properties of
polymers with the electronic and photophysical properties of semiconductors due to the
overlap of orbitals that allows delocalization of electrons (conjugation) along extended
segments of the backbone. Therefore they have attracted wide interests as potential
candidates for organic semiconductors and active components in organic light-emitting
diodes,1,2 photovoltaic cells,3 transistors4-7 and liquid crystal materials.8,9
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The optical properties of conjugated polymers are correlated to their molecular
architectures and the interaction to other molecules. Swager et al. have controlled the
conformation of single polymer chain and the inter-polymer interactions to show the
influence of structure on the intrinsic optical properties of conjugated polymers.10 Other
studies also showed that the optical performance could be manipulated by controlling the
conformation and alignment of conjugated polymers in liquid crystal solutions.11 While
the structure and morphology of PPE in thin film and in bulk has been widely studied12-20,
less attention has been focused on the conformation of PPEs in solution.
Studies on meta-linked PPEs,21 such as, poly (m-phenyleneethynylene) (mPE)
oligomers, have shown a reversible transition from random to helical conformation in
response to changes in solvophobic forces.22-25 Depending on the oligomer length, mPEs
either form helical or tubular supramolecular coordination polymers by π-stacking
interactions.26
The present study focuses on para substituted molecules, which we expect to be
the simplest. Our previous studies on PPEs provided a phase transition diagram of dialkyl
PPEs in solutions (Figure 7.2).27,28 The cylindrical conformation dominates in molecular
solution of the dinonyl PPE at high temperature, based on the SANS studies. And PPE
forms flat aggregates which jam into gel as the temperature decreases. When substituted
with bulkier triisopropylsilyloxy (TIPS) side groups, PPE forms a very stable gel and the
SANS profiles indicate a network of rods (see Figure 5.3).29 Side chains were introduced
to increase the solubility of PPEs and therefore the interaction between solvent and
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polymeric molecules, especially side chains, and the interactions between polymer chains
control the conformation and aggregating behavior of PPEs in solution.

Decreasing Temperature

Fragile Gel
Sinfle

Aggregates

Free Molecules

Figure 7.2. A schematic representation of the different assembling modes of PPE in
toluene.

NMR has been applied to determine atomic resolution structures of biopolymers,
such as proteins and nucleic acids in solution.30-33 A nuclear Overhauser enhancement
(NOE) experiment was used to extract proximity information between nuclear spins. Two
dimensional nuclear Overhauser effect spectroscopy (2D NOESY) is an effective method
to study the 3-D structure of large molecules such as proteins that have long motional
correlation time of molecules. Here, the 2D NOESY is mostly used for sequence-specific
resonance assignment.34-36
NMR studies on molecular conformation and configuration of polymers have
recently been carried out using the combination of molecular modeling simulation and
2D NMR techniques.37-40 In those studies semi-empirical or empirical simulation are
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widely used for large polymer molecules. The NMR 2D NOESY technique has been used
to study the chain conformations of poly(propylene imine) dendrimers and block
copolymers in solutions39,40 NMR NOESY spectra have also been used to investigate the
conformation of 2,7-Di-t-butyldibenzofulvene trimer and dimer in a π-stacked structure.41
Further confinement could be made by calculating the conformational energy map and
compare to the cross peak volume of NOESY spectrum.42
In this study, the conformation of dinonyl PPE and TIPS PPE are studied in
toluene solutions.

Experimental Section

Dinonyl PPE and TIPS PPE were synthesized as previously described.43,44 The
molecular structures of PPEs are given in Figure 7.3 and Figure 7.7. The number of
repeating units have been determined by gel permeation chromatography (GPC) for
dinonyl PPE as 90 and Mw/Mn = 3.1, for TIPS PPE as 18 and Mw/Mn = 2.8. The d8
toluene (Cambridge Isotope Laboratories) was used for NMR measurement and the
specific concentrations are given in text.
The conformations at a local minimization of energy of a single chain of PPEs in
free space (vacuum, no solvent, 20 repeat units) were calculated using SPARTAN 04,
which is a commercially available software. Calculations were based on molecular
mechanics using the MMFF force field.
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The NMR experiments were performed on a JOEL 500 spectrometer operating at
500 MHZ for 1H nuclei. NOESY experiments were recorded at different concentrations
and different temperature. The NOESY spectra in d8-toluene were acquired with mixing
times of 500 ms. The pulse sequence was 90ºx-t1-90ºx-tm-90ºx-FID(t2) and a 90º pulse =
12.7 µsec . The temperature was controlled to ± 0.5 °C.

Results and Discussion

Our previous studies have shown the phase transition of dialkyl PPEs from single
molecules with cylindrical form to flat aggregates in toluene as temperature
decreased.27,28 However, the details of side chain arrangement were not given.
Dinonyl PPE

Figure 7.3 shows the molecular structure of dinonyl PPE together with the
corresponding NMR spectra of 2.0 wt% solution in toluene measured at 20 °C, in gel
phase, and 45 °C, in molecular solution. The signals at 45 °C are broader than at 20 °C.
This is consistent with the confinement of PPE molecules in aggregates.
Figure 7.4 shows the 2D 1H NOESY spectra of 2.0 wt% dinonyl PPE in toluene at
20 °C and 45 °C. At 45 °C, in the molecular solution, the spectra show two types of
crosspeaks. The first type is between side chain protons, such as the 2-3 and 2-4
crosspeaks. This type correlates only protons on neighboring positions. The other one is
between proton 1 on PPE backbone and protons on side chains, such as 1-2, 1-3 and 1-4.
The intensity decreases as the side chain protons move to the edge. At 20 °C, in the gel
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phase however, most of the crosspeaks are gone, as shown in Figure 7.4(b). Only the 910 peak is still observed.
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Toluene

Toluene 4-9 10

1
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45oC

3

20oC

ppm

*Unknown
Figure 7.3. The molecular structure of dinonyl PPE and the 1D 1H NMR spectra of 2.0
wt% dinonyl PPE in toluene at 20 °C and 45 °C. R corresponds to another nonyl side
chain.

The spectra suggest that in molecular solution protons on side chains only interact
with those protons on neighboring position. There is a local arrangement between
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neighboring side chains, therefore the protons on side chains only can see protons with
similar position on other side chains. Side chains are not well dispersed along the
backbone. Instead they tend to get close to each other. The 9-10 peak is a good
indication. Side chains can fold back and get close to backbone. However, the position of

toluene
2

4-9

10

toluene
4-9

3

2

10

3

10
4-9
3
toluene
2
toluene
1

Figure 7.4. Selected regions from 2D 1H NMR NOESY spectra of 2.0 wt% dinonyl PPE
in toluene (a) at 45 °C and (b) at 20 °C.

protons on side chains determines the possibility of reaching the backbone. Protons at the
end of side chains are more likely to stay outside. Therefore, those side chains tend to
stretch out and have to stay roughly in one plane to maintain this conformation and the
whole molecule is roughly a cylinder, as shown in Figure 7.5(b). This model is consistent
with the cylindrical conformation implied from SANS studies27,28.
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Molecular mechanics calculations of the dinonyl PPE molecule with 20 repeating
units in vacuum with the MMFF force field shows randomly distributed side chains and
those side chains are well separated in space, as shown in Figure 7.6. The aromatic

(a)

Face

Side

(b)

Figure 7.5. The schematic models for dinonyl PPE (a) in molecular solution and (b) in
aggregates.
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(a)

(b)

E
D
F

C
G
A
B

H

Figure 7.6. The conformation of dinonyl PPE (no defects) with 20 repeating units was
calculated using molecular mechanics with MMFF force field at local minimization of
the energy in vacuum. The balls with deep color represent carbon atoms and the balls
with light color represent hydrogen atoms. In this figure, (a) the carbon chains in the
middle represent the backbone, (b) details of the segment. The proton to proton distances
(Å) are : A = 2.60 ± 0.45, B = 2.67 ± 0.69, C = 4.49 ± 1.14; D = 2.34 ± 0.23, E = 2.40 ±
0.76, F = 7.82 ± 2.53, G = 2.57 ± 0.89, H = 2.54 ±0.78..
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backbone is not fully stretched out and side chains roughly stay in one plane. The
distances between protons with similar position on nonyl side chains are around 2.6 Å,
which is in the range of medium strength NOE. However, if two protons are significantly
different in position, they are excluded from a normal NOE distance, as show at distance
C in Figure 7.6. For the side chain protons located at the end, the distance between
backbone protons and side chain ones are also out of this range, as shown at distance F in
Figure 7.4.
In the gel phase at 20 °C, PPE molecules associate into aggregates by
π−π stacking, as shown in Figure 7.5. In aggregates, side chains are highly confined and

there is very small variation of distance between side chains. The distance of
π−π stacking is ~ 3.8 Å, which is already in the detecting limit of intermediate NOE. The

average distance between side chains is larger than 3.8 Å; therefore protons on the
different positions of side chains do not exhibit an influence on each other in this model.
A distance of ~4.4 Å has been observed in our X-ray studies for 6 wt% dinonyl PPE in
toluene.45.
In the spectrum at 20 °C, a crosspeak correlates the toluene methyl group and
aromatic ring, is observed, while it is missing at 45 °C. The disappearance of the crosspeaks at 45 °C is attributed to the fast motion of solvent molecules.
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TIPS PPE

Figure 7.7 shows the molecular structure of TIPS PPE together with the
corresponding NMR spectra of 0.2 wt%, a liquid solution, and 1.0 wt%, a gel, in toluene
measured at the room temperature. The PPE signals of 1.0 wt% solution are broader than
those of 0.2 wt%. This is consistent with the confinement of PPE molecules in gel.

Toluene

Toluene
7

23

1.0wt%

4

5

1

6

*

0.2wt%

* Unknown

Figure 7.7. The 1D 1H NMR spectra of TIPS PPE in toluene at 1.0 wt% and 0.2 wt%.
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Figure 7.8 shows the 2D 1H NOESY spectra of 0.2 wt% and 1.0 wt% TIPS PPE
in toluene. Multiple crosspeaks are observed for 0.2 wt% solution. Crosspeaks of 3-1, 34, 3-5 correlate backbone protons and side chain protons. Crosspeaks of 7-1 and 7-4
correlate the protons on side chain. In the gel (1.0 wt%), No similar crosspeak was
observed. Instead, the crosspeak between methyl groups on TIPS and on toluene shows
up.
The spectra of 0.2 wt% solution suggest that the TIPS side chains tend to get close
to backbone due to decreasing solubility, while in gel the side chains are pushed away
from the backbone therefore we do not observe those crosspeaks. What keeps TIPS side
chains away from the backbone as the gel is formed? Our SANS studies have shown that
TIPS PPE in gel forms a network of rods instead of aggregates as dinonyl PPE does.29

(a)

(b)

toluene

toluene

7
4
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1

6

4
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1

7

6

0.2wt%

7
toluene
toluene
2

3

Figure 7.8. Selected regions from 2D 1H NMR NOESY spectra of TIPS PPE in toluene
(a) at 1.0 wt% and (b) at 0.2 wt%.
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(a)

(b)

C
A

H

B
G

F
E
D

Figure 7.9. The conformation of TIPS PPE (no defects) with 20 repeating units was
calculated using molecular mechanics with MMFF force field at a local minimization of
the energy in vacuum. The red balls represent oxygen atoms, the balls with deep color
represent carbon atoms and the balls with light color represent hydrogen atoms. In this
figure, (a) the carbon chains in the middle represent the backbone; (b) The proton to
proton distances (Å) are: A = 2.72 ± 1.03, B = 3.67 ± 0.13, C = 7.43 ± 0.65, D = 7.61 ±
0.47, E = 3.28 ± 0.23, F = 3.64 ± 0.34, G = 3.03 ± 1.24, H = 2.64 ± 0.97.
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The diameter of a TIPS ball is around 7.6 Å, as we showed in molecular mechanics
simulations in Figure 7.9. This large dimension reduces stacking between backbones. All
these evidences suggest a different mechanism of TIPS gel formation. However, the
crosspeak 7-1 correlates TIPS group and methyl group on the other side of backbone. The
TIPS side group is not long enough to reach the other side of the backbone. The only
explanation is that TIPS groups are distributed on both sides of backbone and this is very
reasonable. The length of backbone of a monomer is 6.9 Å, which is shorter than the
diameter of a TIPS group. Due to the steric hindrance, two neighboring TIPS groups
should be distributed on opposite sides of backbone. Therefore, the most comfortable
conformation which TIPS PPE takes is that alternating side chains show up on both sides
of backbone as shown in the cartoon at the bottom in Figure 7.10.

TIPS on one chain
TIPS on another chain
Hole

Figure 7.10. A schematic model of the “locking mechanism”.
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Figure 7.9 shows the molecular mechanics calculation for TIPS PPE with
alternating TIPS side chains on both sides of backbone. The dimension of TIPS group is
around 7.5 Å in diameter, while the space between side chains is on the same dimension.
Then “locking” between side chains is possible when one TIPS group is trapped in the
open space. This also explains why in the gel, those side chains are pushed away from the
backbones. Here we propose a possible mechanism based on a “molecular lock” concept
for TIPS PPE network formation in gel: polymeric chains interlock to each other by this
molecular “locking” and form the network as shown in Figure 7.10.

Summary

In conclusion, we have taken a significant step in understanding the conformation
of single conjugated polymer molecules with different side chains in solution. By a
combination of NMR NOESY spectra and molecular mechanics simulations, we have
derived patterns for the molecular conformation of PPEs with different sidechains: with
linear nonyl side chain, the PPE molecule take a roughly cyliner with all sidechains
roughly stay in one plane, while in aggregates, PPE molecules are stacking together with
side chains densely packed and highly ordered; when substituted with bulkier TIPS
groups, in solution at dilute concentration, those sidechains stay alternatingly on both
sides of backbone and with increased concentration, PPE form gel through another
mechanism via a “molecular lock” mechanism. This study is the basics to investigate the
association behavior, electro-optical response and energy levels distribution in highly
conjugated polymers.
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The simulation is a first approximation of the conformation of the PPEs. The
result provides information regarding possible proton-proton distances, which is in the
range of NOE. To get better simulation results, further studies based on molecular
dynamics for PPEs surrounded by solvent molecules are currently under way.
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CHAPTER 8
NANO-AGGREGATES FROM DIFFERENT
ASSOCIATION MODES OF PPES

Introduction

The optical response of conjugated polymers depends on their chemical structure
and association mode. They both affect the electronic levels and as such their
fluorescence. In this contribution, we investigate the correlation between the association
of an electron-rich polymer, poly(p-phenyleneethynylene) (PPE) with dinonyl side chains
(Figure 8.1), and its fluorescence. Upon conformational confinement of the

Figure 8.1. The chemical structure of PPE. R represents an alkyl chain. In this study, R
is a linear nine hydrocarbon chain. The total degree of polymerization Pn = 90 and with a
polydispersity Mw/Mn = 3.1.

aromatic rings on the PPE backbone into a plane, it becomes fully conjugated. In dilute
toluene solution, dinonyl PPE exhibits three distinct phases as a function of temperature,
as shown in Figure 8.2. At high temperatures, they exhibit molecular solution. Decreasing
the temperature leads to a formation of aggregates. Depending on the concentration, a
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fragile gel is formed.1 Casting from solutions at different temperatures offers an
opportunity to control the surface structure. The surface assemblies will reflect the
solution structure together with association processes that take place as the solvent
evaporates.

Decreasing Temperature

Fragile Gel
Sinfle

Aggregates

Free Molecules

Figure 8.2. A schematic representation of the different assembling modes of PPE in
toluene.

Due to their electro-optical properties, conjugated polymers are candidates for
optoelectronic devices.2-5 Their applications require the understanding of the electrooptical response of conjugated polymers in solid state and in solution. The conjugation
length and the interchain interaction, which are largely affected by the conformation and
the association mode of the macromolecules, are among the important factors
determining the electro-optical properties of conjugated polymers. Studies have shown
the influence of structure on the intrinsic optical properties of conjugated polymers by
controlling the conformation of single polymer chain and the inter-polymer interactions.6

152

Other studies have shown that the optical performance could be manipulated by
controlling the conformation and alignment of conjugated polymers in liquid crystal
solutions.7 Associating into aggregates results in dramatic changes in their optical and
electronic responses in solid state. Fluorescent conjugated polymers in a well defined
solid-state ordering tends to have π-π stacking among the backbones and often result in
red-shifted emission.8-10 Adjusting the conformation and aggregation behavior of
conjugated polymer in thin films will result in different photophysical responses.
Several different types of aggregates have been observed for PPEs at the solid
interface depending on the chemical structure of the PPE and the nature of the substrate.
PPEs with hexyl side chains, when cast from a tetrahydrofuran solution on a highly
oriented pyrolytic graphite (HOPG) substrate, forms a two dimensional array of
molecules.11 On mica, dialkyl PPEs in thin films cast from toluene solutions assemble
into a network of either short or long ribbons, depending on the length of backbone.12
Increasing the chain length results in an alignment of macromolecules along the long axis
of nano-ribbons. Ribbon-like structures are also observed for dialkyl PPEs melted on
oxidized silicon wafers.13 Our studies also show that PPEs form ribbons, short ribbons,
wire-like structures and even circles when substituted with alkyl, triisopropylsiloxyl
(TIPS) or polymer side chains, respectively.14,15
Bunz et al. have observed that didodecyl PPE films formed from a fast
evaporating solvent chloroform (vapor pressure of 21.1 KPa at 20 °C) on base treated
microscope cover glass, forms initially a disordered array of PPEs that organize upon
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annealing. The fast evaporation rates have formed a kinetically strapped stale, whereas
the glass roughness offers nucleation sites for ordering upon annealing.16
The current study is aimed at correlating solution structure and evaporation rates
with nano-aggregates in PPE thin films and their corresponding fluorescence
characteristics. Using toluene as a solvent with a vapor pressure of 1.1 KPa at 4 °C and
9.8 KPa at 45 °C, the evaporation rates are slower and are further controlled by varying
the temperatures. The surface morphology and structure of the thin films were
investigated by atomic force microscopy (AFM), and by X-ray scattering. Fluorescence
spectra were recorded to understand the optical responses.

Experimental Section

Dinonyl PPE was synthesized by alkyne metathesis and the number of repeating
units was determined by gel permeation chromatography (GPC) as 90 with a
polydispersity index Mw/Mn of 3.1.17 The polymer was dissolved in spectroscopic grade
toluene

(Sigma-Aldrich).

Oxidized

single

crystal

silicon

wafers

(Virginia

Semiconductors) were used as substrates. Two solutions, 0.01 wt% and 1.0 wt%, were
made by dissolving the PPE in toluene. Thin films were cast at two temperatures, 45 °C
and 4 °C, corresponding to molecular solutions and gels respectively. Film preparations
at 4 °C involved cooling the solutions and all the tools used for casting. Solutions were
stored at 4 °C for several days to ensure formation of equilibrated gels (if formed). A
vacuum oven and the silicon substrates were pre-cooled to 4 °C. As the temperature was
maintained, the sample gel/solution were moved to SiOx substrates via glass pipette and
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dried for several hours to form the films. Similar procedures were carried out at 45 °C.
Films were annealed at 130 °C (20 °C higher than the glass transition temperature) for 24
hours. Film paramters are listed in Table 8.1.

#1
#2
#3
#4

Film
Length(nm) Width(nm) Height(nm) Radius(nm)
1.0 wt%, 107.0 ± 22.6
NA
16.9 ± 4.2
2.3 ± 1.3
4 °C
1.0 wt%,
NA
64.3 ± 9.8
16.9 ± 1.9
1.3 ± 0.6
45 °C
0.01 wt%,
NA
76.4 ± 12.6
16.9 ± 2.9
2.0 ± 1.2
4 °C
0.01 wt%,
NA
NA
1.1 ± 0.4
28.3 ± 5.1
45 °C

Table 8.1. The characteristic dimensions of particles observed from AFM topography
images are listed.

Atomic force microscope (AFM) measurements were carried out at room
temperature on a Digital multimode AFM in tapping mode. Olympus cantilevers, OMCLAC160TS, with a spring constant of 42 N/m, resonating at around 300 kHz, have been
used for all measurements.
The X-ray studies were carried out on a Scintag XDS200 powder diffractometer
(Cu Kα, λ=1.54Å). The beam has a rectangular shape (20 mm x 0.8 mm, width at half
maximum). The experiments were carried out in a reflection mode to allow the study of
the thin films.
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Fluorescence spectra (by Craig Szymanski from Dr. Mcneill’s group) were
recorded in a fluorimeter (Quantamaster, Photon Technology International, Inc.) at room
temperature. The backing was positioned in a standard cell holder. The angle of incidence
for the excitation light was approximately 55° and emitted light was collected at 90° from
incident light. Although the silica surface was reflective, the non-45° geometry kept
excitation light from getting reflected to the detector. An aperture with a 1 mm diameter
was used to ensure that only a small portion of the sample was being excited at a time to
avoid effects of film inhomogeneities. All samples were excited using 380 nm light.

Results and Discussion
Thin Film Morphology and Structure

The evolution of the surface structure of PPE films cast at two distinct
temperatures from a 0.01 wt% or 1.0 wt% toluene solution were studied. All films consist
of distinct nanometer scale aggregates that vary with the concentration and casting
temperature.
Shown in Figure 8.3 are AFM images of the thin films cast from 0.01 wt% and
1.0 wt% solutions at 4 °C and 45 °C. The topography image of the thin film cast from the
1.0 wt% gel at 4 °C (Figure 8.3(a)) consists of elongated nano-aggregates that associated
into larger supramolecular structures, in which the assemblies are oriented along their
long axis. A two-dimensional Fourier transform reveals this orientation. The
supramolecular structure reflects the solution structure together with assembly that takes
place as the solvent evaporates.
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Figure 8.3. AFM topography images of drop-cast thin films of dinonyl PPE (Pn=90),
following the evaporation of the solvent. (a) from 1.0 wt% gel at 4 °C, setpoint = 1.73 V;
(b) from 1.0 wt% solution at 45 °C, setpoint = 1.66 V; (c) from 0.01 wt% solution at 4
°C, setpoint = 1.58V; (d) from 0.01 wt% micellar solution at 45 °C, setpoint = 1.50 V; (e)
after annealing at 130 °C of (a), setpoint = 1.40 V. The inserts in (a) and (c) are the
Fourier transforms. The inserts in (b) and (e) are the zoomed–in images. (g), (h), (i), (j)
and (k) are the height profiles corresponding to the lines in (a), (b), (c), (d) and (e)
respectively.
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The aggregates are rather uniform in dimension. They show an average length of
107 nm and a width of 17 nm, as listed in Table 1. The width is smaller than the length of
fully stretched out PPE molecules, which is ~ 62 nm. Together with the fact that PPE
cannot fold itself,15 the rigid PPE molecules are therefore aligned along the long axis of
the ribbons. The average length of 107 nm corresponds to the dimension of more than
one extended PPE molecule.
The PPE thin film cast from 1.0 wt% molecular solution at 45 ºC consists of
significant smaller aggregates, randomly dispersed, as shown in Figure 8.3(b). Those
aggregates have an average length ~64 nm and a width ~17 nm. However, no
supramolecular structures were observed.
The nanoaggregates are similar in width but shorter in comparison with those
formed from gel. The differences in the shape and size of the assemblies are attributed to
the structure of PPE in solution together with further assemblies that takes place as the
solvent evaporates. We have shown in the phase diagram that the 1.0 wt% dinonyl PPE
solution in toluene is a molecular solution.1,18 In molecular solution, PPE molecules are
stretched out and isolated. Within 1 minute of casting, most of the solvent evaporates.
This allows rigid PPE molecules to associate into smaller aggregates with limited degree
of π-π stacking. The physical interactions between those macromolecules drive them to
maintain stretched out conformation in the thin film.
Below the overlap concentration, the 0.01 wt% PPE solution at 45 °C is a welldispersed free molecular solution.19 As shown in Figure 8.3(d), the film cast from this
solution at 45 °C exhibits features of isolated lumps with an averaged radius ~ 28 nm and
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a height ~1.1 nm. PPE molecules have to collapse to take this shape and size. A lump
could be a single molecule, because the polymer-polymer interactions can be neglected at
this concentration and PPE molecules have no time to get associated due to the fast
solvent evaporation rate. A meta-stable circular structure with a similar dimension was
observed in thin films of PPE with long polymer sidechains.15
The film cast from 0.01 wt% solution at 4 °C exhibits a similar pattern to the film
cast from gel, as shown in Figure 8.3(c), but with smaller dimension. At 4 °C, the
evaporation of solvent is slow (more than an hour) and PPE molecules therefore are able
to aggregate and form larger structure upon increasing concentration during casting.
However, for the film cast from gel, the existing structures in gel enhance the formation
of the well defined supramolecular structure.
Upon annealing at 130 °C, which is 20 °C higher than the glass transition
temperature, all the films exhibit a similar pattern, as shown in Figure 8.3(e). The
morphology of the films is similar to the unannealed film cast from the 1.0 wt%
molecular solution at 45 °C. With increased mobility at this temperature, PPEs tend to reorganize and form a stable structure in the thin films. The elongated nano-aggregates in
thin films cast from gel tend to either form a shorter structure or break into two. The
supramolecular structure is also broken due to the reorganization.
The X-ray studies reveal the structure in thin films and give characteristic
dimensions. The scattering profiles of the thin films cast from 1.0 wt% gel at 4 °C and
1.0 wt% solution at 45 °C are shown in Figure 8.4. The thin film cast from 1.0 wt% gel at
4 °C shows only one broad peak centered at ~3.7 Å and the one from 1.0 wt% molecular
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solution at 45 °C shows a sharp peak at 20.6 Å. The thin film cast from 0.01 wt%
solution at 4 °C exhibits an identical scattering pattern to the film cast from 1.0 wt% at 4
°C and the one cast from 0.01 wt% at 45 °C shows no features therefore their X-ray
profiles are not show here. Upon annealing at 130 °C, X-ray profiles of all the films
exhibit similar patterns, a sharp peak at 20.6 Å and a broad one at 3.7 Å and a weak peak
at 6.9 Å.
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Figure 8.4. X-ray scattering patterns of dinonyl PPE (Pn = 90) thin films before(two
curves at bottom) and after(two up curves) annealing at 130 °C, cast from the 1.0 wt%
solution at 45 °C and from the 1.0 wt% gel at 4 °C on oxidized silicon wafers. The
intensity in the unit of count per second (cps), is plotted against the momentum transfer q,
where q = 4πsineθ/λ, θ is the incident angle and λ is the x-ray wavelength.
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The 20.6 Å feature is attributed to the ordering of side chains.13 The broad peak at
3.7 Å is typical for π-π stacking.20,21 The weak 6.9 Å peak could be attributed to the PPE
monomer size. The broad peak for the thin film cast from 1.0 wt% gel at 4 °C is an
indication of the backbone π-π stacking in nano-aggregates. However, the side chain
ordering in those aggregates is very weak as they associate into the supramolecular
structure. On the contrary, the PPE side chains in the nano-structures of the thin film cast
from 1.0 wt% solution at 45 °C exhibit ordering. Keep in mind that PPE molecules take
cylinder conformation with side chains stretching out in molecular solution. With the fast
evaporation of solvent, the molecular cylinder associate into small aggregates but with
limited degree of backbone π-π stacking, while the stretched out side chains are
maintained.
Upon annealing at 130 °C, the increased mobility of the macromolecules drives
PPEs to reorganize into a thermodynamically favored structure via π-π interactions, while
the side chains also tend to increase their ordering due to their likeness. The equilibrated
structure is a result of compromise between the backbone packing and side chain
ordering.
Upon annealing at 130 °C, X-ray profiles of both films exhibit similar patterns, a
peak at 20.6 Å to side chains and a broad one at 3.7 Å. This result is consistent with our
AFM images. The annealing process enhances both the ordering of side chains and
backbones and the PPE molecules reorganized into similar structures for all thin films.
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Cast from Gel

Cast from Molecular Solution

Annealing

Figure 8.5. Schematic packing modes of PPE in the thin films.

Based on our AFM and X-ray studies, a schematic model revealing the packing of
PPE in thin films is shown in Figure 8.5. When cast from gel at 4 °C, PPEs in the thin
film assembly into nano-aggregates by π-π stacking of backbones and all the molecules
are align along the extended direction of aggregates. Those nano-aggregates behave like
rods in associating into supramolecular structure. Cast from 1.0 wt% solution at 45 °C,
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PPE molecules associate into nano-structures with limited backbone π-π stacking. These
small aggregates exhibit orientation with respect to only neighbors. Upon annealing, both
the backbone packing and side chain ordering are enhanced and the structure becomes
more densely packed.
Fluorescence Spectra

The fluorescence spectra of thin films with different characteristics exhibit
dramatic shifts, as shown in Figure 8.6(a). The spectra exhibit major red shifted peaks at
485 nm, 511 nm, 555 nm for films cast from 0.01 wt% solution at 45 °C (#4), from 1.0
wt% solution at 45 °C (#2) and from 1.0 wt% gel at 45 ºC (#1). The film cast from 0.01
wt% solution at 4 °C (#3) exhibit almost an identical fluorescent pattern to film #1. This
is consistent with our AFM studies that similar structures and morphology were observed
for these two films. All these films exhibit a weak peak at 460 nm. For film #1 and #3
cast at 4 °C, a weak peak at 511 nm shows up. This 511 nm emission is the characteristic
peak in the fluorescence spectrum of film #2.
Obviously, film #1 and #3, which show associated nano-aggregates in AFM,
contain the nano-structures of PPE similar to that in film #2. The nano-structures in film
#2 are correlated to the 511 nm emission and the oriented short nano-aggregates to the
550 nm emission, which has a longer fluorescence lifetime. In film #4, PPE molecules
take a collapsed conformation with side chain ordering. The 460 nm and 485 nm
emissions are related to the structures in this collapsed conformation. The 460 nm
emission shows up for all films and comes from some basic segment of PPE molecules
which is independent of the conformations in this study. However, the 485 nm emission

164

is unique for film #4 and therefore this feature is correlated with the collapsed
conformation, not to the stretched out conformation observed in nano-aggregates. The
weak 511 nm emission was also observed in film #4, suggesting the coexistence of all
features. It is clear now that the fluorescence emissions are increasingly red-shifted upon
going from the collapsed conformation, to isolated nano-aggregates and to oriented nanoaggregates, Multiple factors determine the shifts. One of the factors under consideration
is the conjugated length of the PPE molecules. In these three films, PPE with the
collapsed conformation has the shortest conjugation length. In isolated nano-aggregates
the conjugation length is increased. In supramolecular structures, the conjugation in
backbones is further enhanced due to the interactions between elongated nanoaggregates. On the other hand, the increased inter-chain interactions in the
supramolecular structure may also cause the red-shift of the spectra.
The annealing at 130 °C gives fluorescence spectra similar patterns for these films, as
shown in Figure 8.6(b). The major emission at around 500 nm is the result of reorganization of PPE molecules in thin films, as we observed in AFM study. Other than
this major feature, the spectra also exhibit two small peaks at 425 nm and 450 nm. At this
time, it is hard to correlate these features to any of the structures we observed in thin
films. However, we have shown a 425 nm emission in our solution fluorescence study.19
This emission in the thin film comes from the segments showing characteristics of PPE
free molecules. The 450 nm emission again comes from some basic segments of PPE
molecules independent on the conformations.
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Figure 8.6. Fluorescence spectra of dinonyl PPE thin films cast from 0.01 % PPE
solution at 4 °C, 0.01 wt% PPE solution at 45 °C, 1.0 wt% PPE solution at 45 °C and 1.0
wt% PPE gel at 4 °C (a) before annealing, (b) after annealing at 130 °C. The intensity is
in arbitrary unit (a.u.), where the total number of counts is divided by 104 before (two
curves at bottom) and after (two up curves) annealing at 130 °C, cast from the 1.0 wt%
solution at 45 °C and from the 1.0 wt% gel at 4 °C on oxidized silicon wafers. The
intensity in the unit of count per second (cps), is plotted against the momentum transfer q,
where q = 4πsinθ/λ, θ is the incident angle and λ is the X-ray wavelength.
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Summary

In conclusion, we have studied dinonyl PPE thin films cast from gel or from
molecular solutions. Solution conditions and casting temperature have dramatic affect on
film morphologies and structures. AFM and WAXS studies have shown suprastructures
consisting of well oriented elongated nano-aggregates for the film cast at low temperature
from gel, small aggregates with no orientation for the film from 1% molecular solution
and lumps for the film cast from 0.01 % molecular solution. The nano-aggregates consist
of a few PPE molecules packed together via π-π stacking. The different morphologies
and structures of thin films contribute to the significantly different fluorescence spectra.
The supramoelcular structures consisting of oriented nano-ribbons exhibit a red-shifted
fluorescence feature at 550 nm and the random nano-aggregates lead to a red-shift to 511
nm, while the collapsed conformation contributes to less red-shift features.
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CHAPTER 9
MORPHOLOGIES AND STRUCTURES OF THIN FILMS OF PPES: EFFECTS OF
SIDE CHAINS

Introduction

Polymers with conjugated backbones are intrinsic organic semiconductors. They
have attracted a wide interest as potential candidates for active components in organic
based electro-optical devices, including organic light-emitting diodes (OLED)s,1,2
photovoltaic cells,3,4 transistors,5-7 detectors/sensors8-10 and liquid crystal based
devices.11,12 Those device applications require the understanding of the electro-optical
response of conjugated polymers in solid state and in solution. The important factors
determining the electro-optical properties of conjugated polymers include the conjugation
length of the backbone and the interchain interaction, which are largely affected by the
association mode of macromolecules. Different association modes of conjugated
polymers have been observed in solution, solid-state and thin film.13-25 While the present
study focuses on the thin film structure.
By self-assembling into aggregates, conjugated polymers exhibit dramatic
changes of optical and electronic properties in solid state.26,27 Aggregation also leads to
the quenching of the excited state and interchain interactions are considered as the
physical origin of aggregation quenching.28,29 Various aggregates on the nanometer scale
have been observed for the solid state conjugated polymers.13,30,31 The attractive π-π
interaction has its role in intermolecular interactions and the formation of aggregates.26,32
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A d-space of 3.8 Å was assigned as the distance between two aromatic ring planes
between the rigid PPE main chains, and with the bulky side chains, the d spacing was
increased to about 5 Å.27,33 Luminescent conjugated polymers in a well defined solidstate ordering tends to have π-π stacking among the backbones and often result in redshifted emission.34-36 It is of great interests and importance to study the morphology and
structure of thin conjugated polymer films.
Poly(p-phenyleneethynylene) (PPE) has attracted interest recently. Due to long
persistence length and strong π-π stacking of the conjugated backbone, PPEs also have
the tendency to form aggregates, which leads to low emission efficiencies in solid state.37
Recent studies have shown that PPEs can self-assemble into nano-wire, nano-ribbon and
brushes in solid state.13,30,31,38 The nano-ribbons from dialkyl PPEs, which reveal two
molecular layers with conjugated backbone parallel to the substrate and perpendicular to
the long axis of the ribbons, are as long as micrometers.13 Bulky or bridged side chains
has been introduced into PPEs to prevent packing and interchain interactions.39 Polymer
side chains also have been grafted to PPE system to prevent aggregation and to increase
the solid-state quantum efficiency.32,40
In this contribution, we reported the thin film morphology and structure of poly
(p-phenyleneethynylenes) (PPEs) substituted with alkyl, bulky and long polymer side
chains, as show in Table 9.1, on the surface of oxidized silicon wafers. The surface
morphology and structure of the thin films drop-cast from solutions in chloroform were
investigated by atomic force microscopy (AFM), and by wide-angle X-ray scattering
(WAXS) to understand the photoluminescence properties.
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1
OH
17
O
TIPS

O

O

O

O
Ethex

CH 3

H3C

n

9

Ethex

2
Ethex: ethylhexyl
TIPS: triisopropylsiloxyl

4

3

PPE

R

Pn

Mw/Mn

Side chain
L (Å)

d (Å) bulk
(WAXS)

d (Å) 1%
(WAXS)

d (Å) 0.1%
(WAXS)

1

Ethex-PPE

Ethylhexyl

35

2.5

8

12.8a

12.2

12.2

2

TIPS-PPE

TIPS

38

3.9

8

17.9

17.9b

ND

3

EHPL-PPE

Ethex/

40

3.7

110c

12.2

12.2

12.2

polylactide

a: data from reference;13
b: weak signal;
c: length of fully stretched polylactide side chain.
Table 9.1. Molecular structures of PPEs and the X-ray scattering results.
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Experimental Section

Alkyl substituted poly(p-phenyleneethynylenes) (PPEs) 1 and PPE with
triisopropylsiloxyl (TIPS) 2 were synthesized as previously described.41,42 Then part of
the alkyl side chains were substituted by bulky polylactide side chains.43 The molecular
structures of different PPEs and corresponding molecular weights are given in Table 8.1.
The 0.1 wt% solutions in chloroform were prepared and then drop cast into thin films on
top of oxidized single crystal silicon wafers. The thin films were dried in the air quickly
and further dried in vacuum overnight.
Atomic force microscope (AFM) measurements were carried out at room
temperature on a digital multimode AFM under tapping mode. Olympus cantilevers,
OMCL-AC160TS, with a spring constant of 42 N/m, resonating at around 300 kHz, have
been used for all measurements.
The X-ray studies were carried out on a Scintag XDS200 powder diffractometer
(Cu Kα, λ = 1.54 Å). The beam has a rectangular shape (20 mm x 0.8 mm, width at half
maximum). The experiments were carried out in reflection mode to allow the study of the
film on top of the silicon wafers. The position of films was appropriately adjusted to be
parallel to the edge of the cell.

Results and Discussion

For thin films prepared by melting dialkyl PPEs on top of silicon wafers, a
lamellae structure and tubular conformation has been reported.13 The current study
focuses on thin PPE films cast from dilute solutions. The thin films in current studies
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have a thickness of roughly 20-30 nm, based on the AFM measurement. The images for
thickness measurement were not listed in this article. As a result, the interfacial
interactions are considered a significant force in aligning PPE molecules.
All three films were cast from a chloroform solution at a concentration of 0.1
wt%. At this concentration, the solutions at room temperature exhibit a light yellow color,
suggesting some extent of coupling between PPE backbones.

3.74Å
Intensity

TIPS PPE

12.21Å
EHPL PPE

4.09Å
Ethex PPE

0.15

0.65

1.15

1.65

q[Å-1]

Figure 9.1. X-ray scattering patterns of thin films of PPE 1, 2 and 3. The intensity is
plotted as a function of the momentum transfer q, where q = 4π(sinθ)/λ, θ is the incident
angle and λ is the x-ray wavelength.
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The WAXS studies showed multiple peaks for all bulk PPEs, which allowed an
assignment of the solid-state structure of dialkyl PPEs to a lamellar model.27,44,45 The
measurement on the Ethex PPE thin film show one peak in the wide angle range, with a
slightly smaller d-value than the lamellar spacing for the bulk material, and similar to the
value of the thin film by melting on silicon wafer.13
As shown in Figure 9.1, the X-ray studies on the thin film of EHPL-PPE revealed
a weak peak at 12.20 Å, which is identical at position to the ethylhexyl side chain peak in
Ethex PPE. However, the half height peak width is broader than that of Ethex PPE,
indicating that the lamellar ordering persists in this sample. This also supports the
assumption that introducing long polymer side chains effectively reduces the packing
between PPE backbones due to the steric hindrance of big side chains.
No X-ray peaks were observed in the TIPS PPE thin film. This suggests either
random ordering of side chain or less efficient packing of the rod-like molecules. Based
on the conformation of TIPS-PPE at minimized energy calculated from Spartan 04 with
molecular dynamics at MMFF force field, the TIPS group has a dimension of 7.6 Å in
diameter and no well defined ordering of side chains was observed. This dimension of
TIPS group is relatively large compared to the π−π stacking distance of 3.8 Å and
indicates only weak stacking between backbones.
For all three thin film samples, a broad peak centered at around 3.7-3.8 Å was
observed, suggesting the existence of π−π stacking by the aromatic backbones even with
the large side chains. The broad peak is increasingly less significant as the side chains
became bulkier ones.
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Our previous studies showed that PPEs substituted with alkyl side chain form
tubular superstructures with diameters of 45 nm.13 The AFM measurements on Ethex
PPE thin films cast from the dilute solution exhibit similar structures, as showed in
Figure 9.2(a). The analysis on AFM height image gives a width of 32.34 ± 7.50 nm, and a
height of 2.80 ± 0.78 nm. Considering the 12.2 Å sidechain peak in x-ray studies, this
height suggests a 2 –3 layer structure and in each layer, π−π interactions along backbone
is driving force for packing.
For the TIPS PPE thin film, a similar tubular structure was observed, with
diameter in the same scale, but much shorter length, as showed in Figure 9.2(b).
However, the X-ray data for the TIPS PPE thin film suggests no or very few lamellae.
The size of TIPS side chains from Spartan suggests reduced π−π packing between
backbones due to steric hindrance. Therefore π−π stacking does not play a major role in
the formation of aggregates here and the aggregates thereby formed simply via physical
interactions between rigid rod-like molecules and the tubular structure here is most
probably a bundle of small rods.
When Ethex PPE was substituted partially with polylactide polymer side chain
(Figure 9.2(c)) long threads with fingerprint-like arrangement were observed. The long
threads indicate at least the multiple molecule composition. A rough estimate for the
length of fully stretched polylactide with 17 repeat units is 11 nm. The average distance
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Figure 9.2. AFM topography images of thin films of PPEs with different side chains. (a)
Ethex-PPE, setpoint = 1.46 V; (b) TIPS-PPE, setpoint = 1.26 V; (c) EHPE-PPE, setpoint
= 1.75 V. The upright insert in (c) is the corresponding height image. (d), (e) and (f) are
the corresponding height/phase profiles to the lines in images.

between two threads is around 22 nm, which is about twice the dimension of fully
stretched side chains (when perpendicular to the backbone). The height of the threads
from the AFM height images (upper right insert) indicates a height of 1 nm. If the thread
is consist of PPE backbone and there is π−π stacking between different backbones, then
there are 2 to 3 layers of PPE molecules stacking together to form the thread. Apparently,
the lamellar structures do not dominate in this image and this explains the weak peak
corresponding to ethylhexyl side chains.
Both X-ray and AFM studies support that the bulkiness of side chains plays an
important role in the association of PPE molecules in thin films. With alkyl side chains,
PPE forms ribbon like structure via π−π stacking. The PPEs are perpendicular to the long
axis of ribbons with aromatic rings on backbone perpendicular to the substrate. When the
alkyl side chain is substituted with TIPS, the bulkiness of TIPS affects the packing of
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backbones and ordering of side chains. The π−π stacking still exists in some segment of
TIPS PPE. However, the more significant interaction takes place by steric hindrance;
therefore TIPS PPE can be treated as rods. The weaker π−π stacking leads to increased
width and shorter length of the structure. When long polylactide side chains are
introduced to some segments of Ethex PPE, the backbone of PPE are forced to face down
to the substrate during casting process. The backbone π−π stacking takes places and the
overlap between different oligmers leads to threads.

Summary
In conclusion we have shown that PPEs with alkyl side chains associate into
tubular/lamellar structures with π−π stacking between backbones. By introducing
polylactide side chains, thread-like structures are observed due to increased dimension of
substituted side chains. When all the sidechains are substituted with TIPS side chains, the
tubular structure exhibit shorter length and large width because of the steric hindrance
from the bulkiness of the sidechain. This study provides a method to change surface
morphology and structure of the thin films simply by adjusting the side chains to PPE.
Further studies on molecular dynamics simulation of packing of PPEs at the
interfaces and on fluorescence characteristics of thin films are being carried out.
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CHAPTER 10
POLYESTER-GRAFTED PPE
WITH TWO DIFFERENT MORPHOLOGIES

Self-assembly of polymeric chains, a critical aspect in macromolecular materials,
is reflected in their morphology. The structure and morphology of macromolecular
assemblies at solid interfaces dictates the performance of optoelectronic devices such
organic light emitting diodes, thin film transistors and photovoltaic cells.1-3 Association
processes are extended in biocompatible macromolecules, at the interface with
membranes, leading to polymer-mediated stabilization of micelles and vesicles, which
have great potential in drug delivery and gene transfection.4-6
While nature handles the fabrication of well defined macromolecules that exhibit
highly hierarchic structures with ease and elegance, synthetic polymeric systems have a
harder time to emulate the size control, function, and monodispersity of naturally
occurring species. The association of synthetic polymers has been studied predominantly
in block copolymers of narrow polydispersity; the segregation of incompatible
components and their differential interaction with solvents results in a rich variety of
well-defined micellar structures.7
Different assemblies are found in nature, where large structurally controlled
species are prevalent. Among the unique polymer morphologies are linear bundles8-10 and
circular assemblies,11 found in biological macromolecules and in ionic polymers. The
primary building blocks, already displaying a complex structure, associate further into
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large distinct clusters. Such clusters are formed by both mono- and polydisperse
polymers where their size is controlled by an exquisite interplay of electrostatic,
hydrophilic and hydrophobic forces. The factors responsible for the gestation of large,
well defined structures in polydisperse species remain open. The implications of
hierarchic ordering in synthetic polymers in general and their effects specifically on the
function of conjugated polymers are also unclear, yet important.
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Figure 10.1. A synthesis scheme of the polymer 5 and structural formulae of polymers 6
and 7.(Ethex = 2-ethylhexyl)

In the present study we demonstrate two well defined mesoscopic structures
formed by a polydisperse polyester-substituted poly(paraphenyleneethynylene) (PPE 5).
Aggregates of 5 appear in the AFM images as monodisperse spherical-circular objects
that anneal at elevated temperatures into elongated needle-like bundles. The structure
and the size of the observed features are governed by the interplay between the stacking of
the backbone and the association of the side chains.
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200nm

200nm

200nm

Figure 10.2. Left: AFM height image of a thin film of 4. Setpoint = 1.69 V. Middle:
Same film observed using a setpoint of 1.23 V. The donut-shaped objects are 35 nm in
diameter. Right: Same film as middle and left after annealing to 140 oC, setpoint = 0.98
V.

The interaction between PPE chains results in a variety of structures from longrange liquid crystalline correlations12 to micrometer sized, well-defined strands at the
interface with SiOx.13 To explore the effects of the interplay between the side chains and
the backbone on the association modes of PPEs, we prepared the partially polyestersubstituted PPEs 5-7. Here we report the supramolecular assemblies of 5 when cast from
solutions onto silicon oxide wafers, and follow their morphological evolution with
annealing into a thermodynamically stable state.
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Figure 10.3. Lowest energy configuration of a single a single molecule of
bis(ethylehexyl)-PPE (top row) and of 5 (5 polyester side chains, 10 repeats for each, 44
phenyleneethynylene units on the backbone) (bottom row) obtained by SPARTAN 04
using a molecular mechanics model with the MMFF force field. In the images, the black
balls, the white balls and the red balls represent carbon atoms, hydrogen atoms and
oxygen atoms respectively. The red lines indicate the trend of backbone. a) No polyester
(PE) side chain attached. The bending angle between a single C-C bond and the triple
bond is calculated to be 178±1°. b) Detail of the backbone c) PE side chain attached. d)
Detailed view of a PPE with a PE with side chain attached. Single C-C bond and triple
C-C bond bending angles 1: 178.2° ; 2: 178.2°; 3: 174.2°; 4: 175.0°; 5: 176.0°; 6:176.5°.

The building block 1 was reacted with 20 equivalents of caprolactone 2 in the
presence of tin(bisoctanoate) to give the macromonomer 3 in quantitative yield.14 A 1:9
molar mixture of 3 and 4 was reacted with acetylene gas in the presence of (Ph3P)2PdCl2
and copper iodide in piperidine and THF as solvent. The deep yellow and flaky polymer
5 was isolated in 89 % (Figure 10.1).15,16 According to gel permeation chromatography
(GPC, polystyrene standards) 5 has a degree of polymerization, Pn, of 86 backbone
phenyleneethynylene units (Mn = 4.6 x 104) and a polydispersity (PDI) Mw/Mn of 5.6.
The polymers 6 and 7 were made by a similar route and display an Mn of 3.7 x 104 a PDI
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of 3.9 (6) and an Mn of 2.6 x 104, with a PDI of 2.9 (7).14 The polydispersity of 5-7 is
typical for these types of polymers. Thin films of 5 were obtained by drop casting onto or

Drop Cast

Strong Tapping

Annealed at 140oC

Figure 10.4. A schematic model of the morphology development of the polyestersubstituted PPEs 5. a) Pristine drop cast from solution; light tapping. b) Rings formed by
the backbone are revealed by AFM under strong tapping conditions. c) Upon heating to
140 oC the locally phase separated morphology relaxes into the global minimum, a
stranded PPE-phase.

dipping silicon wafers into a 0.1 wt. % solution of 5 in chloroform. The solvent was
allowed to evaporate slowly and the films were placed in vacuum (10-3 Torr) at room
temperature to remove entrapped solvent. Figure 10.2 shows representative atomic force
microscopy images (AFM, tapping mode, TM; Digital Instruments) of 5 as cast and after
annealing to 140 °C. With increasing tapping strength, denoted as 1/V0, the image
changes and structures on multiple length scales appear.

Under the lowest tapping

strength (Figure 10.2a) where a clear image is recorded, the film of 5 consists of spherical
assemblies with a characteristic size of 30-40 nm. Upon increasing the tapping strength
(Figure 10.2b), a unique, ring-shaped feature appears and persists across the films. The
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images are reversible as a function of tapping strength and the phase mode follows the
height. Increasing the tapping strength reveals buried structures –observed as bright
features in the image. Traces of the height across the features (SI) show that the center of
the rings co-incides with the widths at half maximum of the spherical aggregates.
When the pristine films of 5 were annealed for 15 min at 140 °C (Figure 10.2c),
the prevalent spherical structures, visible as nanoscale rings at high tapping strengths,
have disappeared and ca. 17 nm wide, needle-like features appear. These are visible at
any tapping strength and characteristic of features of homogenous density.

Images

recorded after 2 and 5 min of annealing reveal intermediate stages of co-existing spheres
and needle-like morphologies, affirming that none of the morphologies are induced by
the AFM probe.
Surprisingly, the size distribution of both the spherical and the elongated
assemblies are narrow.

An examination of polymer chains of 5 (from GPC

measurements) indicates that the average chain has dimensions of 55 x 17 x 0.4 nm with
55 nm being the extended backbone length, 17 nm the width of the fully extended
polyester side chains and 0.4 nm being the thickness of the chains.

According to

elementary geometry the observed circle with a diameter of 33 nm has a circumference of
104 nm, double the average length of a single chain of 5. Height profiles (SI) indicate that
the average aggregate is 0.6-0.8 nm thick and 14 nm wide.
The formation of spherical aggregates requires bending of the semi-rigid PPEbackbone. This bending is induced by the large side chain substituents. Depending on
molecular weights and the nature of the substituting groups, PPEs are semiflexible and
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wormlike

or

more

rod-like

when

aggregated.17-23

To

shape

a

75meric

phenyleneethynylene into a half circle, each PE-unit has to bend by 2.4 degrees, a very
slight distortion; circular PPEs with less than 12 repeat units have been made and are
stable.24

The formation of self-assembled circles is corroborated by the molecular

mechanics calculations of the minimum energy conformation of a single chain of 5
(vacuum, no solvent, Figure 10.3), demonstrating that at the substitution site of the
polyester the conjugated backbone has an increased propensity to bend; circular or
semicircular arrangements are plausible. A deviation of up to 7 degree is calculated in
the phenylenalkynylene units adjacent to the sites of the grafted polyester, while further
away (Figure 10.3) the aryleneethynylene units are close to linear.
While it is feasible to obtain circular aggregates by a slight change of the chain
geometry, these are not the thermodynamic stable state of the system. The interaction of
the backbone and the different side chains with the solvent are among the driving forces
that result in the formation of the spheres.4 Upon heating to 140 °C the sphere form
elongated clusters with a well defined size. At this temperature both the side chains and
the backbone are above their glass transition temperature, 50±5 °C and 111±10 °C
measured for side chains and the backbone respectively by DSC in bulk samples.
Heating 5 above the glass transition temperature of both segments allows rearrangements
to a thermodynamic stable state dominated by the interaction of the backbone and the
side chains that is mediated by the interfacial interactions.

Figure 10.4 proposes a

mechanism for the gestation of the different association modes. Under non-equilibrium
conditions, the polyester side chains of 5 aggregate locally. In the spheres, approximately
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30 polyester chains fill the interior, forcing the PPE main chain to bend to its spatial
needs; upon heating the PPE chains relax.
The uniform size of the spherical aggregates suggests that the self-sorting process
works efficiently, because we observe features of the same size (33 nm) in different
samples. The optimum filling of the interior of the features by the hydrophilic side
chains probably forces the backbones into the spherical morphologies. The spheres may
be formed by any number of chains of 5, balanced by the association energy of the
hydrophilic segments with the elasticity of the main chain and its intrinsic propensity to
aggregate. The actual number of PPE chains involved in the formation of one sphere
cannot be resolved due to the high polydispersity of 5.
Different types of aggregates have been observed in di- and triblock copolymers
solutions including spherical and cylindrical micelles, as well as vesicles.7 As the
solvents evaporate, larger structures such as polydisperse tori that consist of numerous
molecules were observed by Pochan et. al.4 Discrete clusters (tetramers etc.), have been
described by Müllen and others25,26 upon evaporation of solvent from dilute solutions of
dendrimers. However, the formation of discrete small aggregates in PPEs or similar
conjugated polymers is unprecedented. Upon drop casting dipping or spin casting of
solutions of 6 or 7 with a similar chemical structure only stranded or needle-like
aggregates are prevalent. The absence of a vesicular phase in 7 may be due to the lesser degree
of polymerization of its main chain or due to the enhanced rigidity of the polylactide side chain.

In conclusion we report the self-assembly of a polyester-grafted PPE 5 into a
spherical

morphology.

In

this

solvent-induced,
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kinetically

trapped,

but

thermodynamically unstable state, the side chains dictate the morphology, while in the
annealed, relaxed phase the main chains dominate the association; a stranded, needle-like
phase is formed. The answer to the question posed in the title is: “it depends”. In
annealed films, in the thermodynamic equilibrium, the main chains control the
morphology, while in the kinetically trapped solution-state of 5, the side chains force the
main chains into soft spheres that appear as circles when probed by AFM using high
tapping strengths.
Ongoing work to resolve the effects of molecular weight, concentration and
tacticity of the side chains is aimed at determining the conditions under which the PPE
backbone is perturbed to the extent that will allow control over the bending of the chains.
These characteristics will offer a means to control the association and the electro-optical
characteristics of PPEs in the solid state. Additionally we will investigate a number of other
solvents and report the results. The ideal solvent for the formation of spheres needs to be able to
dissolve the hydrophobic part of the molecule sufficiently. As a consequence, while pentane and
hexane would clearly force the polar side chains into aggregation, they do not have sufficient
solubilizing power to keep the main chain in solution. As a consequence, dichloromethane and
chloroform may be the perfect solvents to form this type of spherical morphology.
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CHAPTER 11
SUMMARY

The goal of this research is to investigate the parameters that control the structure
and dynamics of poly(p-phenyleneethynylene)s (PPEs) in different association modes in
solutions and thin films.

1. The phase diagram of dinonyl PPE in toluene includes a molecular solution, a

micellar solution of flat aggregates and a fragile gel. In molecular solution PPE
with Pn =140 exhibits a worm-like conformation while PPE with Pn=90 are fully
stretched out in a molecular solution. The NSE results show that the intermediate
scattering function in molecular solution and micellar solution is characterized by
a single exponential law while in the gel phase a combination of fast and slow
dynamics contribute to the decay at high q range. The buckling of backbones
contributes to the fast motion of the polymer chains. A cooperative dynamics
between the solvent and PPE molecules has been observed in both the molecular
solution and the micellar phase.
2. Dinonyl PPE in cyclohexane exhibits a phase diagram similar to that of PPE in
toluene, including a molecular solution, a micellar solution and a fragile gel
phase. However, the conformation and dynamics of the complex fluids diverge
from that of PPEs in toluene. In cyclohexane, the PPE chains assume a worm-like
structure in the molecular solutions rather than a rigid rod. Further more, the
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flexibility of the chains affects the packing of PPE within the aggregates. While
toluene is coupled to the PPE molecule, cyclohexane is only slightly affected by
the association of the macromolecules. In molecular solutions, the center of mass
diffusion as well as internal chain dynamics are slower in comparison with that in
toluene.
3. Triisopropylsiloxyl (TIPS) PPE in gel form a stable three dimensional network
consisting of rigid rods with a mesh size ~ 20nm. The NSE profiles reflect two
processes, a very slow (almost static) and a dynamic one. This is a more typical
behavior for chemical rather than a physical gel. The observed intermediate
scattering function of PPE chains in the network in the short time range exhibits a
similar behavior to a Zimm chain. However, the long time behavior reveals a
constrained motion of the chains due to the restriction from the crosslinking.
4. The dynamic characteristics of highly rigid polymers in their different association
modes, as discerned from neutron spin echo and NMR studies are discussed.
Highly rigid polymers assemble to form supramolecular hierarchal structures that
exhibit well defined electro-optical characteristics. The dynamic processes of the
molecules within these agglomerates are a key in controlling the effective
conjugation length and thus their optical properties. Among their association
modes are micellar structures, liquid crystalline phases and gels. Using small
angle neutron scattering together with neutron spin echo, and NMR, the different
association modes of dialkyl PPEs in cyclohexane and their dynamics were
investigated. In molecular solutions, the chains assume a worm-like conformation.
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With decreasing temperatures the chains associate to form aggregates that jam
into each other and form fragile gels. The dynamics of the PPE molecules in the
molecular solutions is characterized predominantly by center of mass diffusion,
coupled to undulations of the backbone and a motion of side chains, whereas in
the aggregated phase the center of mass is constrained while the undulations are
maintained. As gel is formed, the motion of the aggregates is constrained,
however the undulations of the chains within the aggregates is retained. The
solvent molecules, though are sensitive to the presence of the polymer chains,
retains a large degree of freedom.
5. The conformation studies show that side chains of dinonyl PPE in molecular
solution of toluene tend to stay close to each other and take a cylinder
conformation, while in aggregates, side chains are highly ordered. However, PPE
with TIPS side chains forms a stable physical gel with side chains being
distributed on both sides of backbones. The size of the TIPS groups and the space
between them are perfectly matched and lead to a “molecular lock” mechanism
for gel formation.
6. Solution structures and solvent evaporation rates show dramatic effects on film
morphologies and structures of dinonyl PPE. Suprastructures consisting of well
oriented elongated nanoaggregates as formed in films cast at low temperatures
from the gel phase. Nanoaggregates with no orientation are observed in films cast
from 1.0 wt% molecular solutions and small clusters constitute films cast from
0.01 wt% molecular solutions. The nanoaggregates consist of several PPE
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molecules packed together via π-π stacking. The different morphologies and
structures of thin films contribute to the significantly different fluorescence
spectra. The supramoelcular structures consisting of oriented nano-ribbons exhibit
a red-shift to 550 nm and the random nanoaggregates to 511 nm while the
collapsed conformation contributes to less red-shift.
7. The chemical structure of the side chain is one of the factors that control the
morphology of the film. Diethylhexyl PPE in thin film associates into
tubular/lamellar structures via π−π stacking between backbones after evaporation
of solvents. By introducing polylactide side chains to PPE, thread-like structures
are observed due to the increased dimension of substituted side chains. With TIPS
side chains, the tubular structure exhibits a shorter length and a larger width due
to the steric hindrance from the bulkiness of the side chain.
8. The self-assembly of a polyestergrafted PPE into a spherical morphology was
observed. In this solvent induced, kinetically trapped, but thermodynamically
unstable state, the side chains dictate the morphology, while in the annealed
relaxed phase the main chains dominate the association; a stranded, needlelike
phase is formed. In annealed films, in the thermodynamic equilibrium, the main
chains control the morphology, while in the kinetically trapped solution state, the
side chains of PPE force the main chains into soft spheres that appear as circles
when probed by AFM using high tapping strengths.
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Appendix A
Permission of the Copyright of Figure 2-1

Hello soon to be Dr. Jiang,
I received your voice mail message regarding permission to use one of
our images in your dissertation.
It would be my pleasure to grant you permission to use the image, as
per your request.
I would appreciate it if you could mark the image "Courtesy of Veeco
Instruments Inc."
Thanks for choosing one of our images and good luck to you!
Sincerely,
Fran Brennen
Sent by GoodLink (www.good.com)
-----Original Message----From:
Yunfei Jiang [mailto:yunfeij@CLEMSON.EDU]
Sent:
Tuesday, March 18, 2008 01:32 PM Eastern Standard Time
To:
Fran Brennen
Subject:
Require Image Use Permission
Dr. Brennen,
I am currently a Ph.D student at Clemson University. My research
includes using a Digital multimode AFM to study the polymer morphology.
Right now, I require to use one of Vecco's instrumental diagrams(Figure
2-3, Typical optical detection scheme in AFM from "A Practical Guide to
Scanning Probe Microscopy SPM")in my dissertation as a introduction to
AFM.
I am about to submit my dissertation. Your fast response is highly
appreciated.
Thanks!
Yunfei Jiang
Dr. Perahia's Polymer Physics' Lab.
251 Hunter Lab.
Chemistry Department
Clemson University
phone: 864-656-7803
Fax: 864-656-6613
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Permission of the Copyright of Chapter 6
Dear Yunfei Jiang:
Thank you for requesting permission to reproduce material from American
Institute of Physics publications.
Permission is granted – subject to the conditions outlined below – for
the following:
("From Molecular Solutions to Fragile Gels: Dynamics of Rigid Polymers
inSolutions" by Jiang, Y.; Perahia, D.; Bunz, U. H. F. AIP Conf. Proc.
982, 312(2008) ) STRUCTURE AND DYNAMICS OF POLY (PARAPHENYLENEETHYNYLENE)S IN SOLUTIONSAND THIN FILMS)
To be used in the following manner:
Included as full text in my Ph.D dissertation.
1. The American Institute of Physics grants you the right to reproduce
thematerial indicated above on a one-time, non-exclusive basis, solely
for thepurpose described. Permission must be requested separately for
any future oradditional use.
2. This permission pertains only to print use and its electronic
equivalent,including CD-ROM or DVD.
3. The following copyright notice must appear with the material
(please fillin the information indicated by capital letters):
"Reprinted with permission from [FULL CITATION]. Copyright [PUBLICATION
YEAR], American Institute of Physics.”
Full citation format is as follows: Author names, journal title, Vol.
#, Issue#, Page #, Year of publication.
For an article, the copyright notice must be printed on the first page
of the article or book chapter. For figures, photographs, covers, or
tables, thenotice may appear with the material, in a footnote, or in
the reference list.
4. This permission does not apply to any materials credited to sources
otherthan the copyright holder.
Please let us know if you have any questions.
Sincerely,
Susann Brailey
~~~~~~~~~~~
Office of the Publisher, Journals and Technical Publications
Rights & Permissions
American Institute of Physics
Suite 1NO1
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